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Somebody tell me frankly. 
What times are these, 
What century we live in, 
What is the name of this country? 
“Hope” (Esperanza) 
Ariel Dorfman, 1978 
In spite of this,  
to oppression,  
plundering and abandonment, 
we respond with life.  
"The Solitude of Latin America" (La soledad de América Latina) 
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Functional Anatomy, Osteogenesis and Bone Microstructure of the 
Appendicular System of African Mole-Rats  
(Rodentia: Ctenohystrica: Bathyergidae) 
 
Germán Andrés Montoya-Sanhueza 
MSc Zoology 
ABSTRACT 
In comparison to their ecophysiological and behavioral aspects, the skeletal system of 
African mole-rats (Bathyergidae) has been relatively understudied. Only a few studies have 
assessed their skeletal system, but these have mostly focused on their cranial and dental 
systems, with little attention on their postcranial skeleton. This PhD thesis provides a 
considerable amount of information about the functional anatomy, morphological diversity 
and postnatal bone morphogenesis of the appendicular system of these subterranean 
mammals. 
African mole-rats are small mammals highly adapted to the hypogeous niche that 
feed on underground roots and tubers. They forage, mate, breed and to some extent even 
disperse underground. For this, they build extensive burrow systems primarily with their 
chisel-like teeth, but also using their forelimbs for scratch-digging. One of the most 
exceptional features of bathyergids is their wide spectrum of social organization, which is 
unique among mammals and ranges from solitary, social and eusocial. Here, the eusocial 
naked mole-rat, Heterocephalus glaber, has been the most studied species. The physiology 
of African mole-rats is also exceptional among rodents and other mammals, showing low 
metabolic rates and body temperatures, as well as slow somatic growth rates. They also 
show enhanced fitness and prolonged longevity, features that have been associated to a life 
protected from both climatic extremes and predation, as well as to intergenerational 
transfer of information, communal care of young and shared foraging endeavors in social 
species. For these reasons, bathyergids represent a unique animal model to explore their 
skeletal adaptations to fossoriality and life underground. The aim of this research was to 
assess the patterns of bone growth and development to understand how adults attain their 
final phenotype.  
A comprehensive sample (N = 506) of all six bathyergid genera including seven 
species and comprising individuals of both sexes and of different ontogenetic stages was 
studied. Stylopodial (humerus and femur) and zeugopodial (ulna and tibia-fibula) bones (n 
= 1133) were analyzed using multiple quantitative analyses of variance (ANOVA, 
MANOVA), ordination (PCA, DA) and regression (RMA, OLS, equality of slopes), as well as 
bone labeling techniques and detailed qualitative descriptions of their midshaft bone 
histology. 
Chapter 3 shows that the specialized phenotype of the only scratch-digger 
bathyergid Bathyergus suillus underwent considerable morphological changes during 
ontogeny, e.g. juveniles showed externally more robust bones with thin cortical walls, 
whereas adults presented slender bones with significantly thicker cross-sections. Such 
changes are probably related to the increased digging demands and agonistic behaviors of 
the developing young. However, other aspects of their anatomy expressed perinatally, such 
as greater external epicondylar robustness, well-developed olecranon, teres major and 
deltoid processes, suggest a major role of genetic factors in their development. This chapter 
applied for first time the conceptualization of developmental modules to long bones, and 
showed that the periosteal module had higher variability and tended to grow faster than 
the endochondral module. 
Chapter 4 analyzed the morphological diversity within Bathyergidae using 
comparative anatomy and morpho-functional indices and showed that most species shared 
a highly specialized fossorial morphology and that only the naked mole-rats were 
morphologically divergent (having a simplified phenotype), resembling the condition of 
non-fossorial closest relatives of the Bathyergidae. Nevertheless, the novel inclusion of 
three ecomorphological categories (solitary scratch-diggers, solitary chisel-tooth diggers 
and social chisel-tooth diggers) in this study, showed significant differences among the 
groups. In general, social species appeared to have a phenotype more specialized to 
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increase digging ability and locomotor performance, whereas solitary species showed a 
relatively less specialized fossorial phenotype, and a diminished locomotor ability. This 
may contribute to foraging strategies in social species which are known to have more 
complex and relatively longer burrow systems as compared to solitary species. 
Chapter 5 assesses the ossification patterns of the endochondral and periosteal 
modules, and shows that in general most bathyergids have relatively similar endochondral 
growth rates, irrespective of social behavior or digging strategy, although the periosteal 
module showed relatively higher growth rates and a higher degree of variation as compared 
to the endochondral module, thus appearing to be considerably less dependent on body 
size and genetic factors. Naked mole-rats showed the lowest growth rates among 
bathyergids. Considering the basal phylogenetic position of H. glaber within the family, a 
neotenic condition is suggested for this species, and suggests accelerated bone growth rates 
for the evolution of the other bathyergids. 
Chapter 6 provides a comprehensive description of the pattern of bone modelling 
in bathyergids and includes an assessment of their bone dynamics using fluorochrome 
labeling. All bathyergids analyzed showed increased cortical bone thickening during 
ontogeny, as well as low rates of endosteal bone resorption. Also, all species showed high 
histodiversity, limited remodeling (i.e. development of secondary osteons) and they do not 
ever develop Haversian bone tissues. 
This thesis concludes that the combination of social strategy and type of 
excavation had an impact on the evolution of the bathyergid appendicular system. On one 
hand, it was evidenced that the development of fore- and hindlimbs are not constrained by 
intrinsic factors (as suggested for other mammals), and that the limbs develop at similar 
growth rates, resulting in relatively symmetrical limb proportions. This is suggested to 
improve locomotion within burrows and represents an adaptation to the subterranean 
lifestyle, which is also observed in other fossorial mammals. This thesis further discusses 
how environmental factors and specific behaviors and locomotor modes, may represent 
strong selective pressures on limb adaptation and evolution. Similarly, a proximo-distal 
pattern of variation was observed, where zeugopodial elements were more variable than 
stylopodial elements, probably because they are in direct interaction with the substrate, so 
they can evolve morphological adaptations for particular habitats and locomotor behaviors. 
Importantly, these adaptations are most likely mediated by heterochronic modifications of 
their ossification modules, especially intramembranous ossification, which is known to be 
more responsive to environmental factors, whilst the endochondral modules would be 
more conservative, perhaps because a stronger genetic regulation in postnatal life. Further 
research on long bone modules is necessary to understand the specificity of such changes.  
Despite the comparatively simplified phenotype of H. glaber, they showed a larger 
morphospace as compared to other bathyergids, indicating a wider intraspecific variability. 
This agrees with previous observations suggesting skeletal plasticity for this species. It is 
suggested that living in large colonies results in diminished selective pressures for limb 
specialization but has an impact on increasing trait variability within members of the 
colony. 
This study showed that the integration of multiscale techniques and multivariate 
analysis of combined skeletal phenotypes (i.e. forelimb + hindlimb) offer a better 
understanding of adaptations to the hypogeous environment. The findings of this study 
also highlight the importance of considering developmental modularity of long bones for 
assessment of bone adaptations, particularly for understanding the differential effects of 
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“Africa has produced many mammal curiosities, and the Bathyergidae take a high rank 
among these” 
 
John Reeves Ellerman, 1956 
(THE SUBTERRANEAN MAMMALS OF THE WORLD, p. 13) 
 
1.1 INTRODUCTION 
This thesis is composed of seven chapters. The first chapter (Ch. 1) provides a 
general background to the areas of study, including the rationale, aims, objectives 
and hypotheses. A second chapter (Ch. 2) is presented to include the materials and 
specimens used in this work, as well as to describe the general methods used to 
prepare the material. Four research chapters (Chapters 3-6), each of them 
representing a self-contained study, contain the analyses of this thesis. Three of 
them (Chapters 3-5) include quantitative analyses comprising a large amount of 
morphometric data, while the last one (Ch. 6) is principally qualitative. A final 
chapter (Ch. 7) includes a general discussion, concluding remarks and future 
directions. 
 
1.1.1 The Hypogeous Environment, Subterranean Mammals and Fossoriality 
The hypogeous (below-ground) niche comprises a unique set of physico-chemical 
conditions, such as i) low oxygen (hypoxia), ii) high carbon dioxide (CO2) levels 
(hypercapnia), iii) high relative humidity, iv) little or no exposure to sunlight and 
v) a substrate that is energetically costly to burrow through (Nevo 1979, 1999; 
Bennett et al., 1988; Sherman et al, 1991; Bennett & Faulkes, 2000; Lacey et al., 
2000, McNab, 2002; Begall et al., 2007; Burda et al., 2007; Holtze et al., 2018). These 
conditions make hypogeous environments considerably different to the epigeous 
(above-ground) niche, and impose a suite of challenges to the ecophysiology of 
organisms. For example, food and mate availability diminish significantly 
underground. However, the hypogeous niche also represents a relatively stable 
environment with a buffered thermic range in comparison to the surface, as well as 
provides shelter from predators and from extreme climatic fluctuations (Begall et 
al., 2007; Burda et al., 2007). These represent clear advantages for animals, and its 
preference over above-ground niches is reflected in the high biodiversity of extant 
mammals that successfully exploited this niche not only in the present but also 
during the Cenozoic (e.g. Hildebrand, 1985; Nevo, 1999; Busch et al., 2000; Kley & 
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Kearney, 2007; Lessa et al., 2008). Even the early evolution of non-mammalian 
therapsids during the Permo-Triassic transition (Botha & Chinsamy, 2004; Ray & 
Chinsamy, 2004), as well as the later rise of stem mammalian lineages during the 
Jurassic (Luo & Wible, 2005; Luo et al., 2015), exhibit a rich fossil record associated 
with the hypogeous niche. 
Mammals that use the hypogeous niche are usually defined as subterranean 
or fossorial (e.g. Nevo & Reig, 1990; Sherman et al., 1991; Bennett & Faulkes, 2000; 
Lacey et al., 2000; Begall et al., 2007; Šumbera, 2019). However, these concepts are 
not equivalent and they involve different aspects of the biology of the species. 
Subterranean mammals live in burrows and conduct most of their life activities, 
including foraging and reproduction belowground, so they rarely explore the 
aboveground realm (Lacey et al., 2000). This definition accounts for a more 
ecological aspect of the animal, and its study is oriented to understand how these 
organisms interact and adapt to the hypogeous environment. This definition also 
implies that these animals construct their own burrow systems, which vary in 
terms of dimensions and complexity, in the mechanisms used to build them, and 
in the level of cooperative or solitary work needed to build them, all of which will 
have a direct impact on the amount of energy spent building them (e.g. Nevo, 
1999).  
On the other hand, fossorial mammals are species that exhibit 
morphological specializations to build burrows, but spend considerable portions of 
their lives aboveground, either foraging and/or mating (e.g. Hildebrand, 1985; 
Lacey et al., 2000). This term represents a more functional explanation, since it 
focuses on the organism’s ability to dig and hence it assesses the direct interaction 
between an organism’s structural design and its digging behavior (e.g. Hildebrand, 
1985). Nonetheless, this definition usually does not explain how the organism uses 
burrows or even for what purposes they dig. Because there are intermediate forms 
between digging and non-digging animals, some authors have also used the term 
semi-fossorial (e.g. Kinlaw, 1999; Pérez et al., 2017), and also burrowing mammals 
(e.g. Goldstein, 1972; Reichman & Smith, 1990; Reichman & Seabloom, 2002; 
Hopkins & Davis, 2009). This latter term rather points to the capacity of animals to 
construct burrows, and actually not all fossorial mammals build their own 
burrows, e.g. ant eaters and pangolins generally do not build burrows but have 
very specialized forelimbs (Fig. 1.1) to dig out insects during foraging (Vizcaino et 
al., 1999). Furthermore, the fossorial term has been widely used in 
ecomorphological studies to mainly assess the relationship between morphology 
(form and shape) and function, as well as to infer the paleobiology of extinct 
species through analyses of their skeletons (Reed, 1954; Hildebrand, 1985; Vizcaíno 
et al. 1999, 2016; Szalay & Sargis, 2001; White et al., 2006; Pérez et al., 2017). 
Consequently, the subterranean definition represents a multidimensional 
aspect of life underground, since it involves the ecophysiological adaptations of the 
organism, as well as the different morphological and digging mechanisms utilized 
(level of fossoriality). In this study, both terms are used depending on the taxa and 
their particular lifestyle. The term semi-fossorial is avoided since it may include a 
wide spectrum of digging strategies within a continuum between fossorial and 
non-fossorial organisms. Examples of subterranean mammals are the marsupial 




several rodent families like zokors (Myospalacinae), Middle East blind molerats 
(Spalacinae), Asian bamboo rats (Rhizomyinae) and African mole-rats 
(Bathyergidae) (Hildebrand, 1985, Nevo 1999; Lacey et al., 2000). Figure 1.1 
illustrates some of these taxa. Examples of fossorial mammals are the platypus 
(Ornithorhynchidae), wombats (Vombatidae), armadillos (Dasypodidae), badgers 
(Mustelidae), porcupines (Hystricidae), springhares (Pedetidae) and rabbits 
(Lagomorpha) (Hildebrand, 1985). One aspect present in several subterranean 
mammalian lineages is their highly reduced visual organs, although this feature 
should not be considered as a character to differentiate subterranean from 
fossorial mammals. In this work, different terrestrial species that live aboveground 
and have distinct locomotor mode such as ambulatory, cursorial or bipedal, are 
termed as surface-dwelling mammals (e.g. Šumbera, 2019). 
 
1.1.2 African Mole-Rats (Phiomorpha, Bathyergidae) 
African mole-rats (AMs) (Bathyergidae) are hystricognath rodents highly adapted 
to the hypogeous niche. They forage, mate, breed and to some extent even disperse 
underground (Bennett et al., 1991; Seeman et al., 1991; Bennett & Faulkes, 2000; 
Begall et al., 2007). These features differentiate them from other rodents that 
despite having highly adapted fossorial features, they show a less specialized 
subterranean lifestyle (e.g. Lacey et al., 2000). They are endemic to the sub-
Saharan African region and represent one of the most speciose groups of 
subterranean rodents comprising six genera and ±20 species (IUCN, 2020), 
grouped within a monophyletic lineage, the Phiomorpha (plus Thryonomyidae and 
Petromuridae) (Lavocat, 1978; Jarvis & Bennett, 1990; Faulkes et al., 2004; Van 
Daele et al., 2007; Upham & Patterson, 2015). Figure 1.2 shows the six extant genera 
(Heterocephalus, Heliophobius, Fukomys, Cryptomys, Georychus and Bathyergus), 
as well as their phylogenetic relationships. As with many other mammals, the fossil 
record of Bathyergidae appears to be more widely distributed and diversified than 
they are today. They have the second oldest fossil history among subterranean 
rodents and one of the longest records of generic stability during their first 14 
million years of history (Cook et al., 2000). Molecular data suggest that extant 
genera such as Heterocephalus had the earliest divergence times dated to the early 
Oligocene (31.2 Ma), just when the main four caviomorph superfamilies 
(Erethizonoidea and Cavioidea at 32.4 Mya, Chinchilloidea and Octodontoidea at 
32.8 Mya) appeared in South America (Patterson & Upham, 2014; Upham & 
Patterson, 2015). The oldest bathyergid skulls known in the fossil record (Lavocat, 
1973; Mein & Pickford 2008) are more similar to those of Heterocephalus and 
Heliophobius, both of which belong to ancient lineages (Faulkes et al., 2004; Van 
Daele et al., 2007; Patterson & Upham 2014). The oldest fossil representatives of the 
Bathyergoidea lineage (all extinct genera), occur in the early Miocene deposits of 
Namibia (Bathyergoides and Geofossor) and eastern Africa (Bathyergoides, 
Geofossor, and Proheliophobius) (Jarvis & Bennett, 1990; Cook et al. 2000; Winkler 
et al. 2010; and references therein). All these fossils share several cranial features 
associated with fossorial specializations such as procumbent (pick-like) incisors 
used for excavation (Lavocat, 1978; Jarvis & Bennett, 1990).  
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FIGURE 1.1. Subterranean (A-D) and fossorial (E-L) mammals. A) Cape golden mole 
(Chrysochloris asiatica). B) Blind molerat (Nannospalax galili). C) Naked mole-rat 
(Heterocephalus glaber). D) Star-nosed mole (Condylura cristata) [A-D, illustrations by 
Michelle Leveille, extracted from Partha et al. (2017)]. E) Common wombat (Vombatus 
ursinus) (Illustrated by Jimmi Buscombe). F) Long-beaked echidna (Zaglossus). G) 
Aardvark (Orycteropus afer) (Extracted and modified from Kingdom et al., 2013). H) Giant 
pangolin (Manis gigantea) (Illustrated by Carmen Elisabeth). I) Springhare (Pedetes 
capensis) (Extracted and modified from Skinner & Chimimba, 2005). J) Cape porcupine 
(Hystrix africaeaustralis). K) Honey badger or ratel (Mellivora capensis) (Extracted and 
modified from Kingdon & Hoffmann, 2013). L) Giant armadillo (Priodontes maximus) 
(National Geographic). F and J extracted from www.animaldiversity.org. Illustrations not at 
scale.  
 
The first fossils of extant bathyergids correspond to one species of 
Heterocephalus and have been found in Plio-Pleistocene fossil beds of the north of 




Patterson & Upham (2014) proposed a distinct family for naked mole-rats (H. 
glaber) due to their earlier and ‘’independent’’ evolution from the rest of AMs. This 
taxonomic re-arrangement poses questions for the evolution and interrelationships 
of fossil and extant AMs, but does not change their monophyletic condition (e.g. 
Faulkes et al. 2004) or their historical ecological relationship with the hypogeous 
niche. For this reason, throughout this manuscript, the traditional –and more 
parsimonious– taxonomic view of AMs as a single family including naked mole-rats 
(H. glaber) is maintained (Lavocat, 1978; De Graaff, 1981; Honeycutt et al., 1991; 
Jarvis & Bennett, 1990). The fact that all extinct members of this group have 
apparently maintained fossorial adaptations indicates that they have a remarkable 
hypogeous evolutionary history, probably maintained due to the low metabolic 
rates and speciation rates suggested for subterranean rodents in comparison to 
surface-dwelling relatives (e.g. Martin & Palumbi, 1993; Churakov et al. 2010; 
Spradling et al. 2011). Since bathyergids show the widest variety of social systems 
among mammals, such evolutionary scenario also raises the question of the social 
status of the ancestor of all AMs (Bennett & Faulkes, 2000). The latter is beyond 
the scope of this study, but it is anticipated that the study of their postcranial 
anatomy can contribute to understanding the evolution of certain traits related to 
the origin of their sociality and fossoriality. 
 
1.1.3 Skeletal Adaptations in African Mole-Rats: An Overview 
Among mammals, one of the most exceptional features of AMs is their wide 
spectrum of social organizations, which ranges from solitary, social and eusocial 
(Jarvis, 1981, 2003, 2013; Jarvis & Bennett, 1991; Burda et al., 2000). However, they 
also show different strategies for building burrows: all genera are primarily chisel-
tooth diggers, so they use their continuously growing extra-buccal and highly 
procumbent incisors to excavate tunnels (Genelly, 1965; Jarvis & Sale, 1971; 
Berkovitz & Faulkes, 2001), while only Bathyergus is a scratch-digger, and uses 
primarily its forelimbs with long claws for tunnel excavation (Bennett et al., 2009). 
In this sense, all genera except Bathyergus have exceptionally very short claws in 
their feet (Fig. 1.3), and only H. glaber shows extremely reduced claws (Fig. 1.3, 1.4). 
Figure 1.4 shows some extremes in morphology and life history traits among 
bathyergids: B. suillus, which is solitary and the largest species having the shortest 
lifespan (6-12? years, pers. comm., J. Jarvis, 2016), while H. glaber is eusocial and 
the smallest taxon (∼35 g), but having the longest lifespan (~30 years) among the 













FIGURE 1.2. Phylogenetic relationships among African mole-rats and their six extant 
genera. The cladogram shows the phylogenetic relationships of African mole-rat species 
and one outgroup species, the Cape porcupine (Hystrix africaeaustralis). A) Mechow's 
mole-rat (Fukomys mechowii). B) Mahali's mole-rat (Cryptomys hottentotus mahali). C) 
Cape mole-rat (Georychus capensis). D) Cape dune mole-rat (Bathyergus suillus). E) Silvery 
mole-rat (Heliophobius argenteocinereus). F) Naked mole-rat (Heterocephalus glaber). 
Cladogram extracted and modified from Seney et al. (2009), but see more details in Faulkes 















FIGURE 1.3. Morphological adaptations of the forefeet of African mole-rats, including 
scratch-diggers and chisel-tooth diggers. A) Cape dune mole-rat (Bathyergus suillus). B) 
Cape mole-rat (Georychus capensis). C) Silvery mole-rat (Heliophobius argenteocinereus). 
D) Mechow's mole-rat (Fukomys mechowii). E). Mahali's mole-rat (Cryptomys hottentotus 
mahali). D) Naked mole-rat (Heterocephalus glaber). See Figure 1.2 for legend. Images are 




FIGURE 1.4. Most conspicuous morphological and ecological features of two contrasting 
fossorial types among African mole-rats: Bathyergus suillus (left) and Heterocephalus glaber 
(right). Skull and hand illustrations extracted and modified from Happold (2013) and Stein 
(2000). 
 
As a result of these extraordinary behavioral and life history traits, 
bathyergids have been subject to a wide range of studies, especially in terms of 
their social behavior, activity patterns, energetics, ecology, mineral metabolism, 
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reproductive physiology, endocrinology, sensory function, genomics, and most 
recently, biomedical and aging studies (e.g., Buffenstein and Yahav, 1991; 
Buffenstein et al., 1994; Bennett, 2009; Faulkes and Bennett, 2009; Buffenstein and 
Pinto, 2009; Pinto et al., 2010; Boyles et al., 2011; Edrey et al., 2011; Tian et al., 2013; 
Fang et al., 2014; Stathopoulos et al., 2014; Davies et al., 2015; Omerbasic et al., 2016; 
Park et al., 2017; Retief et al., 2017; Skulachev et al., 2017; Ruby et al., 2018; Šumbera, 
2019). These studies highlight the distinctiveness of their physiology when 
compared to other mammals, such as low metabolism, extended longevity, non-
dependent vitamin D mineral metabolism, resistance to anoxia and cancer, 
absence of pain sensitization and delayed puberty (see references above). 
Surprisingly, little is known about their skeletal system, particularly pertaining to 
its development and evolution. Only few studies have reported the general somatic 
growth trends of bathyergid populations (e.g. Bennett et al., 1991; Bennett & 
Aguilar, 1995; Scharff et al. 1999). Because most AMs are chisel-tooth diggers, their 
craniodental adaptations have also received considerably more attention as 
compared to their postcranial anatomy (e.g., Barčiová et al., 2009; Van Daele et al., 
2009; Cox & Faulkes, 2014; Gomes Rodrigues & Šumbera, 2015; Gomes Rodrigues et 
al., 2015; Mason et al., 2016; McIntosh & Cox, 2016a, b; Van Wassenbergh et al., 
2017). Furthermore, the postcranial system of scratch-digging species is also 
mentioned only in more general comparative studies of adults (e.g., Hildebrand, 
1978, 1985; Stein, 2000; Samuels & Van Valkenburg, 2008; Prochel et al., 2014), and 
the postcranial system of social species is practically not mentioned. Some key 
studies on their skeletal system are briefly summarized here. 
Lumbar elongation. One of the most striking features of the skeletal 
system of bathyergids is based on observations made on naked mole-rat queens 
(i.e. reproductive females), which are physically distinct from non-reproductive 
members of the colony, i.e. queens have significantly longer lumbar vertebrae for 
their body size compared to all other colony members (Jarvis et al., 1991; O’Riain et 
al., 2000; Dengler-Crish & Catania, 2007, 2009; Henry et al., 2007). This 
phenomenon resembles the puberty-like “growth spurt” typically observed in 
humans and other mammals once sexual maturity has occurred (usually coinciding 
with skeletal maturity), but it differs from them in that a net gain in lumbar bone 
length is achieved long after skeletal maturity and throughout each breeding cycle 
to accommodate large litters (Henry et al., 2007). Similar trends of intra-colony 
morphological divergence have been found in the social Damaraland mole-rat 
(Fukomys damarensis) (Young & Bennett, 2010; Thorley et al., 2018), as well as in a 
cooperative carnivore, the meerkat (Suricata suricatta) (Russell et al., 2004), but 
apparently not in solitary AMs (see Montoya-Sanhueza et al., 2019). This suggests 
that sex steroids related to pregnancy may have an important role in bone growth 
and body size in social AMs (Henry et al., 2007), and also that this phenomenon 
may be more widespread among female vertebrates than previously thought 
(Russell et al., 2004). 
Dental replacement. The solitary silvery mole-rat Heliophobius 
argenteocinereus has recently been reported to show continuous dental 
replacement, i.e. its dentition is constantly replaced by supernumerary teeth 
moving secondarily towards the front of the jaw (Gomes Rodrigues et al., 2011). 




and other AMs, it constitutes an exceptional adaptation among rodents, most 
likely related to enhance hyper-chisel-tooth digging, which usually involves high 
dental wear (Gomes Rodrigues et al., 2011). 
Reduced osteopenia. Another recent discovery of the bathyergid 
musculoskeletal system is their reduced bone loss (osteopenia), as well as the 
maintenance of lean muscle mass throughout ontogeny (Pinto et al., 2010; 
O’Connor et al., 2002; Montoya-Sanhueza, 2014; Montoya-Sanhueza & Chinsamy, 
2017, 2018). This results in individuals having long bones with thick cortical walls 
and differing from most surface-dwelling mammals, which naturally undergo 
osteopenia with aging (e.g. Duque & Watanabe, 2011). The initial study of Pinto et 
al. (2010) on naked mole-rats focused on the elucidation of the mechanisms 
facilitating sustained bone structure and strength in hypogonadic subordinates, 
and yielded important cues about the bone development of mammal species with 
delayed puberty (Buffenstein et al., 2012). Naked mole-rat queens can suppress the 
reproductive expression of subordinates (for as long as 10 years in some cases) by 
her aggressive social behavior (Sherman et al., 1991). Pinto et al. (2010) showed that 
male and female subordinates have similar femoral phenotype in comparison to 
queens, which show greater femoral diameter, femoral cortical area and thickness, 
as well as elongated vertebrae (see references above). These major morphological 
changes observed of queens are related with the attainment of sexual maturity and 
pregnancy, and also points to the relevance of hormones regulating late postnatal 
bone development to reach the “reproductive adult phenotype” (e.g. Dengler-Crish 
& Catania, 2007, 2009). In the solitary Cape dune mole-rat, Bathyergus suillus, a 
systemic thickening of their long bones occurs mainly due to periosteal and 
endosteal bone formation as well as reduced endosteal bone resorption (Montoya-
Sanhueza & Chinsamy, 2017). This positively imbalanced bone modeling occurs in 
long bones with thick cortical walls and therefore high levels of bone quality are 
maintained throughout ontogeny, most probably to ensure the maintenance of 
skeletal function and performance during digging activities, as also suggested for 
H. glaber (Pinto et al., 2010; Montoya-Sanhueza & Chinsamy, 2017, 2018).  
Bone resorption and secondary reconstruction typically occurring in the 
bone structure of reproductive mammalian females (e.g. Purdie et al., 1988), have 
also been observed in B. suillus (Montoya-Sanhueza & Chinsamy, 2018), and only 
briefly noted for queen naked mole-rats (Pinto et al., 2010). 
These characteristics evidence the peculiarities of the musculoskeletal 
system of AMs, which are probably adaptations to the challenges of their 
subterranean lifestyle, but also related their complex social systems. These raise 
several questions about how intrinsic (genetic), environmental (e.g., ecological, 
biomechanical, geographical) and/or its combination (epigenetic) regulate skeletal 
specializations in social and solitary species. These specializations also indicate 
that despite their long evolutionary history and apparently conserved and 
convergent phenotype, their skeletons have undergone unique physiological and 
molecular developmental pathways, which were not appropriately considered 
before, probably because of the obvious inability of visualizing their skeletons. 
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1.1.4 Rationale of this Work 
Rodents represent a distinctive placental order encompassing more than 40% of 
mammalian biodiversity (Fabre et al., 2015). The repeated colonization of different 
ecosystems, from aquatic to desert areas, and their presence on most continents 
are indicative of their extraordinary adaptive capabilities. Their small to medium 
size, short generation times (Martin & Palumbi, 1993), and effective population size 
(Spradling, 2001), have been suggested to be fundamental for such success. As a 
result of their adaptation to diverse ecological niches, rodents show a wide range of 
locomotor repertories and therefore a considerable phenotypic diversity (disparity) 
of their postcranial skeleton (e.g. Samuels & Van Valkenburgh, 2008; Cox & 
Hautier, 2015). These features make them a unique mammalian model to assess 
different evolutionary processes (Hautier & Cox, 2015). However, most morpho-
functional studies of the musculoskeletal system of rodents have been focused to 
understand their cranial anatomy, whilst their postcranium has been less studied, 
probably because they are often depicted as “terrestrial generalists” (Vianey-Liaud 
et al., 2015). Given these circumstances, it is evident that studies on postcranial 
elements are needed to improve our knowledge of them, as well as to generate a 
more complete understanding of skeletal development, adaptation and evolution 
of this diverse group of mammals (Wilson & Geiger, 2015; Morgan, 2015). 
Skeletal adaptations in mammals are best known for surface-dwelling 
species such as laboratory rodents (e.g. Ruth, 1953; Tomlin et al. 1953; Bateman, 
1954; Frandsen et al. 1954; Pratt, 1957, 1959; Enlow, 1962, 1963; Li & Klein, 1990; 
Biewener & Bertram, 1993; Erben, 1996; Hörner et al. 1997; Lelovas et al. 2008; Hall, 
2015). Regarding the specific adaptations of subterranean and fossorial mammals, 
studies have mostly focused on adults and have analyzed few specimens (Vizcaíno 
et al., 2002, 2006, 2016; Elissamburu & Vizcaíno, 2004; Lagaria & Youlatos, 2006; 
Candela & Picasso, 2008; Samuels & Van Valkenburgh, 2008; Hopkins & Davis, 
2009; Elissamburu, 2010; Elissamburu & De Santis, 2011; Meier et al., 2013; Rose et 
al., 2014; Marcy et al., 2016; Morgan et al., 2017; Sansalone et al., 2018). For these 
reasons, our knowledge concerning the ontogenetic and intraspecific variation of 
these highly specialized mammals is also lacking. Furthermore, most of the 
previous studies have focused on one anatomical dimension of their skeletal 
system, either their external morphology (using 2D or 3D morphometrics) or their 
comparatively much less investigated bone microstructure. The integration of 
different dimensions of bone structure such as histomorphometry and functional 
anatomy of cortical bone, trabecular bone and diaphyseal bone elongation under a 
multiscale approach would considerably contribute to understand bone growth 
and adaptation in mammals.  
The present study aims to fill this gap by a series of studies: i) integrating 
different aspects of limb bones such as bone microstructure and external anatomy 
(Ch. 3), ii) by assessing their appendicular morphological disparity (Ch. 4), iii) by 
analyzing ontogenetic patterns of different species (Ch. 5) and iv) by 
comprehensively describing their patterns of osteogenesis during ontogeny (Ch. 6).  
It is important to note that skeletal adaptations in subterranean mammals 
have been mostly associated with cranial and postcranial features specialized to 
maximize digging activity. However, skeletal adaptaions can also include 




elongation, pelvic modifications) specializations (Eilam et al., 1995; O’Riain et al., 
2000; Montoya-Sanhueza et al., 2019). This study recognizes such differences and 
addresses primarily limb bone specializations linked to digging behavior, although 
the effects of within-burrow locomotion in the appendicular system are also 
considered in some sections (e.g. chapters 3 and 4). The multiple aspects analyzed 
in this study are for first time assessed in rodents simultaneously and therefore will 
considerably contribute to our knowledge of bone growth and adaptation in 
mammals. 
 
1.2 AIMS OF THE STUDY 
The aim of this research is to assess the patterns of bone growth and development 
of the appendicular phenotype of African mole-rats (Rodentia: Bathyergidae). The 
proposed research is novel since it will provide substantial quantitative and 
qualitative information on the processes of skeletal morphogenesis of a highly 
specialized group of subterranean mammals. This research will consolidate several 
aspects of their skeletal biology, such as comparative bone anatomy, osteogenesis, 
bone (re)modeling and function, thus providing a more integrated view of the 
process of morphogenesis in non-model group. 
 
1.3 OBJECTIVES, RESEARCH QUESTIONS, HYPOTHESES AND PREDICTIONS 
1.3.1 Objective Chapter 3 
This chapter focuses on the determination of the postnatal development of limb 
bones of the only scratch-digging bathyergid genus (Bathyergus). It integrates 
multivariate analysis and a multiscale approach including different dimensions of 
bone structure (i.e. external morphology and bone microstructure). 
  
Question 1: What morphological changes occur during the ontogeny of 
Bathyergus suillus, and when do these occur?  
Question 2: Do certain parts of the skeleton develop at different rates (e.g., 
intralimb and interlimb variability)? 
Question 3: Do endochondral and periosteal bone modules show different 
growth trends in relation to body size? 
 
1.3.2 Objective and Hypothesis of Chapter 4 
This chapter focuses on determining the morphological diversity (disparity) of the 
appendicular system of adult African mole-rats by analyzing morpho-functional 
indices based on their external anatomy. 
  
 Hypothesis A: The type of social strategy observed in bathyergids 
influence the morphology of their appendicular skeleton, since a cooperative 
lifestyle would compensate for individual optimization of anatomical structures for 
burrow construction. It is expected that solitary species (Heliophobius, Georychus 
and Bathyergus) will show a more specialized (“morphologically divergent”) 
appendicular anatomy as compared to social species (Heterocephalus, Fukomys 
spp. and Cryptomys), which will have a more generalized or simplified limb 
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morphology. It is also expected that scratch-digging species (Bathyergus) will show 
a higher degree of morphological specialization in their limbs as compared to 
chisel-tooth digging taxa (Heterocephalus, Fukomys spp., Cryptomys, Heliophobius 
and Georychus), due to increased anatomical specializations to maximize scratch-
digging behavior (i.e. soil breakup). 
 
1.3.3 Objective and Hypothesis of Chapter 5 
This chapter focuses on determining and comparing the relative rates of bone 
growth and osteogenesis of different developmental modules (i.e. 
intramembranous and endochondral ossification) to elucidate general patterns of 
appendicular heterochrony in African mole-rats. 
 
Hypothesis B: Because the pectoral girdle and forelimb bones are 
fundamental for burrow construction, these elements are functionally prioritized 
during development, so the humerus and ulna will show faster growth rates as 
compared to hindlimb bones. It is expected that the forelimb bones will mature 
earlier than hindlimb bones.  
Hypothesis C: Endochondral and intramembranous ossifications have 
different rates of bone growth during ontogeny. It is expected that because of the 
differences in the timing of epithelial cell production and growth plate 
conservatism (predetermination), endochondral ossification will show a more 
stable pattern of bone growth, and therefore faster growth rates as compared to 
intramembranous ossification which will be more variable due to the constant de 
novo cell formation at periosteal and endosteal surfaces.  
 
1.3.4 Objective and Hypothesis of Chapter 6 
This chapter focuses on comparing the bone microstructure of African mole-rats 
during postnatal ontogeny to determine the patterns of bone modeling and 
remodeling among species. 
 
Hypothesis D: All bathyergid species will show similar bone modeling 
patterns, which will be evidenced by similar composition of bone tissue matrices 
(histodiversity) in diaphyseal cortical bone microanatomy. 
Hypothesis E: Differences in growth rates will be reflected by showing 
either increased amounts of rapidly deposited bone tissues (i.e. woven bone, 
compact coarse cancellous bone and perhaps more parallel-fibered than lamellar 
bone) bone tissues, or slowly deposited bone tissues (lamellar bone, lamellated 
bone, and perhaps less amount of parallel-fibered bone tissues). 
Hypothesis F: Due to the relevance of the pectoral girdle and forelimb 
bones during excavation and burrow construction, the humerus and ulna will show 
faster growth rates as compared to hindlimb bones. This will be evidenced by 
forelimb bones maturing earlier than hindlimb bones, and this will be reflected by 
the humerus and ulna showing rapidly deposited bone tissues as compared to the 
femur and tibia of the same individual. A similar pattern is expected for 
zeugopodial and stylopodial elements, where the first will show tissues with higher 
bone growth rates. 
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This chapter provides a general overview of the specimens used throughout this 
study, as well as it describes the general methods used to prepare such material. 
Information about the origin of the specimens, location, biological information 
and sampling methods are described here. Nevertheless, the detailed methods 
used for each of the research chapters (Chapters 3-6), are specifically outlined in 
each respective chapter. At the end of this chapter, a list of abbreviations and 
symbols used throughout the manuscript is also provided. 
 
2.1 THE STUDY SAMPLE AND DATA COLLECTION 
Comprehensive postnatal ontogenetic sequences of skeletons of all six genera of 
extant African mole-rats genera (Bathyergus, Heliophobius, Georychus, Fukomys, 
Cryptomys and Heterocephalus) were obtained for this study (Fig. 1.2; Table 2.1). 
The sample included male and female individuals, which were usually equally 
sampled (1:1). A total of 1133 bones pertaining to 506 individuals of eight bathyergid 
species were analyzed (Table 2.1). As Table 2.1 indicates, specimens were obtained 
from different researchers and institutions from around the world, and they were 
collected from the wild on field collections or from captive colonies, or in some 
cases collected in the field and then kept in captivity for some period. Majority of 
the individuals already had data pertaining to body mass (BM), body length (BL) 
and skull length (SKL), which were taken at the time of death (Table 2.1). However, 
for specimens that lacked such morphological data, these were taken during this 
study (see details in Table 2.1). A Mitutoyo digital caliper (0.01 mm) was used to 
measure BL and SKL, while a standard electronic balance (0.01 g) was used to 
quantify BM. BL (mm) was measured from the tip of the snout to the base of the 
tail and SKL (mm) from the tip of the incisor alveolus to the posterior part of the 
skull (Fig. 2.1). The weight of some frozen specimens was obtained only after they 
were completely defrosted (Table 2.1). Additional data such as locality, 
reproductive status, date of birth (DOB) and date of death (DOD) was available 
only for some specimens (Table 2.1). In the cases of unknown sex (e.g. naked 
molerats), this was determined by visual inspection under the guidance of 
Emeritus Associate Prof. Jennifer Jarvis, who is preeminent on the study of naked 
mole-rats around the world due to her pioneering work in Kenya and her 
comprehensive study of captive colonies at the University of Cape Town (UCT). 





As indicated above, the specimens analyzed in this study were either 
already skeletonized or were frozen carcasses. In the latter case, once defrosted, a 
surgical scalpel was used to remove the skull, forelimbs (scapula, humerus, ulna, 
radius) and hindlimbs (femur, tibia-fibula) of each specimen, although it was not 
always possible to get the four limb bones of each individual. Limb bones were 
taken preferentially from the left side, although in some cases they were recovered 
from the right side. After muscles and soft tissues were removed, the bones were 
skeletonized using worm colonies (Tenebrionidae) at UCT. This process required 
approximately 1-2 months and left the skeletons mostly free of soft tissues. Bones 
that still retained remnants of soft tissues (usually tendons) were kept in jars of 
water and left for around 6 weeks to promote bacterial growth with the 
consequent consummation of the remaining flesh (no chemicals or soap were used 
during this process). Since tenebrionid worms can also eat the small bones of 
young individuals, especially the poorly mineralized epiphyses, or even the bones 
of small species (e.g. naked molerats), such specimens were skeletonized 
exclusively using bacterial activity, and they were carefully monitored. All 
materials skeletonized during this study were fixed in ethanol (96%) for at least 48 
hours, and thereafter in acetone for around two hours. In the cases were specimens 
obtained were already stored in ethanol or formaldehyde, such material was 
directly analyzed without additional treatment. 
Once bones were skeletonized, high resolution photographs from anterior 
and posterior views were either taken with a DSLR camera (Nikon D200) or using a 
stereomicroscope (Nikon SMZ 745T and Leica EZ4 HD), depending on the size of 
the bone. Prior to sectioning procedures for histological analysis, X-rays of all 
bones were performed with the help of Dr. David Grant and Dr. Claire Havenga at 
the Rondebosch Veterinary Hospital (Cape Town, South Africa). 
 
2.2 MORPHOLOGY, RELATIVE AGE AND SKELETAL MATURITY 
Life in burrows imposes strong morphological constraints on subterranean 
mammals which usually results in phenotypes with elongated cylindrical body 
shapes and short limbs (Fig. 1.1A-D). The general morphology of a bathyergid is 
schematized in Figure 2.1, which also shows the principal bones analyzed here, as 
well as general anatomical nomenclature used in this study. Several morphological 
measurements of the appendicular system were obtained in this study. The main 
data set comprises a range of linear measurements such as lengths (from proximal 
to distal articular surfaces) and diameters (epiphyseal and diaphyseal) obtained 
from the stylopods (humerus, femur) and zeugopods (ulna and tibia-fibula) of each 
individual (Fig. 2.1). This was used in chapters 3-5 to test multiple hypothesis 
outlined in sections 1.3.1-1.3.3 (Ch. 1). The full description of such linear 
measurements was mostly detailed in Ch. 3, although some parameters are also 
described in Ch. 4, and subsequently used for Ch. 5 too.   
In this chapter, the relative age classes and/or skeletal maturity of the 
specimens is outlined. The relative age classes of almost all individuals were 
determined from patterns of molar eruption and wear from previous studies on 
AMs (e.g. Taylor et al., 1985; Janse van Rensburg et al., 2004; Hart et al., 2007; 
Chimimba et al., 2010; Gomes Rodrigues et al., 2011). 
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Skeletal maturity was assessed principally on the degree of epiphyseal 
fusion of long bones. Three main stages were defined: i) epiphyseal line is totally 
visible around the bone (unfused), ii) at least half of the epiphyseal line is observed 
(semifused), and iii) epiphyseal line is absent or considerably restricted to one 
sector of the bone (fused) (Fig. 2.2). 
 
 
FIGURE 2.1. Schematic representation of the morphology of a bathyergid skeleton showing 
the main anatomical features of their cranial and appendicular skeleton. Bones used in this 




FIGURE 2.2. Three stages of epiphyseal fusion recorded in bathyergids. A) Unfused (#337). 
B) Semifused (#1338). C) Fused (#220). Examples correspond to the greater trochanter of 
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2.3 ABBREVIATIONS AND SYMBOLS 
 
APDH: Anteroposterior diameter of the humerus (mm)  
APDF: Anteroposterior diameter of the femur (mm) 
APDT: Anteroposterior diameter of the tibia (mm) 
APDU: Anteroposterior diameter of the ulna (mm) 
BL: Body length (mm) 
BM: Body mass (g) 
D: Distal fusion of epiphysis 
DLH: Origin of deltoid tubercle (mm) 
DT: Deltoid tubercle 
DTFJ: Length of the distal tibio-fibular junction (mm)  
EF: Femoral condylar width (mm) 
EH: Humeral epicondylar width (mm) 
FH: Femoral head diameter (mm) 
FL: Femoral length (mm) 
FUL: Functional length of the ulna (mm) 
HH: Humeral head diameter (mm) 
HL: Humeral length (mm) 
OL: Olecranon length (mm)  
P: Proximal fusion of epiphysis  
TL: Tibio-fibular or tibial length (mm) 
TDH: Transversal diameter of the humerus (mm) 
TDU: Transversal diameter of the ulna (mm) 
TDF: Transversal diameter of the femur (mm) 
TDT: Transversal diameter of the tibia (mm) 
SKL: Skull length (mm) 
UL: Ulnar length (mm) 
UTL: Length of the tibial tuberosity (mm) 
VL: Vertebral length (mm) 
 
BI: Brachial index 
CI: Crural index  
CDIh: Cortico-diaphyseal index of the humerus 
CDIf: Cortico-diaphyseal index of the femur 
EIh: Humeral epicondylar index 
EIf: Femoral condylar index 
FHI: Femoral head index 
FRI: Robustness of the femur 
HRI: Humerus robustness index 
HHI: Humeral head index 
IFA: Index of fossorial ability 
IMI: Intermembral index 
RDP: Relative position of the deltoid tubercle 
SGD: Suggested bone growth direction 
TRI: Robustness of the tibia (transverse - mediolateral) 
TRI*: Robustness of the tibia (anteroposterior - modified version) 
TSI: Tibial spine index  
TJI: Tibio-fibular junction index 
URI: Transverse robustness of the ulna 
URI*: Robustness of the forearm (anteroposterior - modified version) 






CCCB: Compact coarse cancellous bone 
ELB:  Endosteal lamellar bone 
FLB:  Fibrolamellar bone 
PLB:  Periosteal lamellar bone 
LB:  Lamellar bone 
LLB:  Lamellated lamellar bone 
WB: Woven bone 
LAG: Lines of Arrested Growth 
GM: Growth Mark 
RC: Resorption Cavity 
MC: Medullary Cavity 
 
Ci: Confidence intervals 
DA: Discriminant Analysis  
DF1: Discriminant Function 1 
DF2: Discriminant Function 2 
F: Females 
M: Males 
MA: Major Axis Regression  
PCA: Principal Component Analysis 
OLS: Ordinary Least Square Regression 
OS: Ontogenetic stage 
RMA: Reduced Major Axis Regression 
SMA: Standardized Major Axis (Type II) Regression 
SD: Standard Deviation 
R2/r2: Coefficient of Determination 
(I): Isometry 
(-): Negative allometry 
(+): Positive allometry 
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CHAPTER 3   
 
Postnatal Development of the Largest 
Subterranean Mammal (Bathyergus suillus): 
Morphology, Osteogenesis and Modularity of 
the Appendicular Skeleton 
 
Germán Montoya-Sanhueza1*, Laura A. B. Wilson2, Anusuya Chinsamy1
 
Published in:  Developmental Dynamics. 2019;1–28. https://doi.org/10.1002/dvdy.81  
 
ABSTRACT 
Background: Subterranean mammals show a suite of musculoskeletal adaptations 
that enables efficient digging. However, little is known about their development. 
We assessed ontogenetic changes in functionally relevant skeletal traits, and 
ossification patterns (periosteal and endochondral bone modules) in a truly 
subterranean scratch-digging rodent, Bathyergus. We studied 52 individuals (202 
long bones) from a wild population by using a multiscale approach involving 
internal and external morphology. Results: Multivariate analysis showed 
significant morphological changes during ontogeny. A specialized phenotype is 
expressed perinatally (e.g., greater external robustness and developed olecranon, 
teres major, and deltoid tubercle), whereas adults presented slender bones with 
significantly thicker cross-sections. Ossification modules scaled mostly 
isometrically with body size parameters. Periosteal modules showed high 
variability and tended to grow faster than endochondral modules. Conclusions: 
Scratch-digging adaptations appear at perinatal age and then specialize in 
subadults. Early development of agonistic and digging behaviors and onset of 
sexual maturation seems to contribute to its development, although genetic factors 
also seem to play an important role. Ontogenetic differences are probably a trade-
off to counteract weaker cortical bone properties and poor muscle development in 
juveniles, whereas slender but thicker cortical bones maximize bone resistance 
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One of the most important aspects of the skeletal system in subterranean 
mammals is to increase bone strength to withstand the greater loads exerted 
during digging activity. Compared to their more cursorial relatives, subterranean 
and fossorial mammals show more robust skeletons due to both modifications of 
their external anatomy (e.g. wider (epi)condyles and wider diaphyses) and bone 
microstructure (e.g. thicker cortical walls) (Hildebrand, 1985; Biknevicius, 1993; 
Casinos et al., 1993; Montoya-Sanhueza & Chinsamy, 2017). Such morphological 
changes in shape and form are the result of evolutionary modifications in the 
patterns of bone modeling, specifically involving the interplay between 
endochondral ossification (axial bone elongation) and intramembranous 
ossification (radial bone apposition) (e.g. Enlow, 1963). However, there is a 
considerable gap in our understanding of the mechanisms facilitating bone 
adaptation, as well as the processes involved in the acquisition of the subterranean 
skeletal phenotype in mammals. Specifically, the developmental relationship 
between external anatomy and cross-sectional properties of bones (e.g. bone 
geometry and bone microanatomy) has been largely neglected in subterranean 
mammals as well as in surface-dwelling mammals (Young et al., 2010).  
With the exception of few ontogenetic studies mostly focused on cranial 
anatomy (e.g. Cubo et al., 2006; Goswami & Prochel, 2007; Hart et al., 2007; Verzi 
et al., 2010; Ventura & Casado-Cruz, 2011; Echeverría et al., 2014; Vassallo et al., 
2016), most of the research assessing the musculoskeletal phenotype of extant and 
extinct subterranean and fossorial mammals has focused on morpho-functional 
comparisons of adults only (or at “endpoints” of ontogeny) where most of somatic 
(and/or skeletal) growth of the individual has been attained (e.g., Lessa & Stein, 
1992; Vizcaíno et al., 2002, 2006, 2016; Elissamburu & Vizcaíno, 2004; Lagaria & 
Youlatos, 2006; Candela & Picasso, 2008; Samuels & Van Valkenburgh, 2008; 
Hopkins & Davis, 2009; Elissamburu, 2010; Elissamburu & De Santis, 2011; Meier et 
al., 2013; Rose et al., 2014; Marcy et al., 2016; Morgan et al., 2017; Sansalone et al., 
2018; Calede et al., 2019). Additionally, most of these studies have focused on few 
specimens and have used a particular anatomical dimension for analysis, either 
their external morphology (2D or 3D) or their bone microanatomy. 
The analysis of ontogenetic series as well as the integration of different 
levels of structural organization has the potential to provide relevant insights 
regarding the adaptive strategies associated with the subterranean lifestyle. Its 
study becomes even more relevant considering the wide diversity of subterranean 
and fossorial organisms adapted to the hypogeous niche, which show  highly 
specialized forms not only in the present (e.g. Nevo, 1999; Busch et al., 2000), but 
also from the early evolution of nonmammalian therapsids (Botha & Chinsamy, 
2004; Ray & Chinsamy, 2004) and stem mammalian lineages (Luo & Wible, 2005; 
Chen & Wilson, 2015; Luo et al., 2015). 
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In this study, we integrate different quantitative and qualitative approaches 
to determine the postnatal ontogeny of the appendicular and axial skeleton of a 
fully subterranean scratch-digger, the Cape dune molerat Bathyergus suillus (Fig. 
3.1). Scratch-digger species dig by extending their forefeet to the earth and then 
drawing their long claws more or less downward, toward, or under the body 
(Hildebrand, 1985). Since this solitary species builds extensive burrow systems that 
can extend over 250 m of total length and 220 mm in diameter (Chimimba & 
Bennett, 2005; Bennett et al., 2009; Bray et al., 2012; Jarvis, 2013), it represents a 
valuable model to understand the development of such skeletal adaptations in 
organisms that experience naturally strenuous biomechanical conditions over their 
lives. Cape dune molerats represent the largest species of all African molerats 
(Bathyergidae) and the largest truly subterranean mammal in the world, reaching a 
body mass over 2 kg (Davies & Jarvis, 1986; Nevo, 1999; Chimimba & Bennett, 2005; 
Bray et al., 2012; Jarvis, 2013), whereby its study contributes to understanding 
skeletal adaptations under extreme conditions.  
 
 
FIGURE 3.1. A) Adult specimen of Bathyergus suillus moving aboveground. B) Skeletal 
representation showing the bones studied here (dark grey). C) Linear measurements of the 
long bones analyzed. Asterisk (*) indicates bone superstructures calculated in this study. 
The individual in (A) was provided by Jan Okrouhlik and Nigel Bennett, University of 
Pretoria (South Africa). Abbreviations: Total lengths of humerus (HL), ulna (UL), femur 
(FL), and tibia-fibula (TL). Transversal diameters of humerus (TDH), ulna (TDU), femur 
(TDF) and tibia-fibula (TDT). Anteroposterior diameters of humerus (APDH), ulna 
(APDU), and tibia-fibula (APDT). Deltoid tubercle length (DLH). Humeral head diameter 
(HH). Humeral (EH) and femoral (EF) condylar widths. Olecranon length (OL). Functional 
length of the ulna (FUL). Length of the distal tibio-fibular junction (DTFJ). Tibial 





3.1.1 Long Bone Growth in Bathyergus suillus 
A recent quantitative and qualitative study has shown that adult limb bones of B. 
suillus undergo systemic thickening of their cortical bone walls (Montoya-
Sanhueza & Chinsamy, 2017). Furthermore, the femora of this species do not 
experience bone loss (osteopenia) during adulthood (Montoya-Sanhueza & 
Chinsamy, 2018), which seems to be a systemic process also occurring in the 
humerus and zeugopodial bones of this species (Montoya-Sanhueza & Chinsamy, 
2017). This suggests that microstructural bone adaptations such as cortical 
thickening in adults and scarce bone resorption throughout ontogeny, act in 
synergy to promote high levels of bone integrity during life, thus ensuring the 
maintenance of skeletal function and performance. However, juveniles of B. suillus 
have relatively thin cortical walls and high intracortical porosity as compared to 
adults (Montoya-Sanhueza & Chinsamy, 2018), so the mechanical properties of 
their long bones are expected to be reduced and therefore more prone to fracture 
risk due to weaker bone properties (e.g., Main & Biewener, 2006). The implications 
of these conditions become especially relevant considering that digging and 
tunneling begins at ~6 weeks old (Chimimba & Bennett, 2005), whilst dispersal at 
around two months of age (<200 - 300 g of body weight; Bennett et al., 1991). Given 
the early occurrence of digging behavior in this species, it is expected that some 
morphological adaptations associated with digging capabilities and increased 
robusticity may be established early in ontogeny to reduce fracture risks, and 
probably synchronous with the beginning of such activities, as has been suggested 
for other subterranean species (e.g., Cubo et al., 2006; Echeverría et al., 2014).  
Long bones of mammals increase their bone mass either by increasing bone 
density and/or bone size (Wall, 1983; Mora & Gilsanz, 2010). The first is positively 
correlated with cortical bone thickening (e.g. Webber et al., 2015), which results 
from intramembranous ossification throughout bone modeling dynamics such as 
endosteal and periosteal bone apposition (Enlow, 1963; Wall, 1983; Montoya-
Sanhueza & Chinsamy, 2017). This process is responsible for most of the bulk of 
long bones (Hall, 1978; Wall, 1983). The second aspect is, at least in terrestrial 
mammals, the result of bone elongation (Mora & Gilsanz, 2010), which results from 
chondrocyte proliferation and bone matrix production throughout endochondral 
ossification at growth plates (Kronenberg, 2003). Consequently, peak bone mass in 
long bones is attained by a dual process involving endochondral and 
intramembranous ossification, which are regulated by different genes (Beamer et 
al., 1996; Klein et al., 1998; Sarges et al., 2011; Wongdee et al., 2012). Because these 
osteogenic processes represent relatively independent developmental entities 
(Atchley & Hall, 1991; Hall, 2015), they can be considered as organizational modules 
(e.g. Esteve-Altava, 2017; see also Experimental Procedures), and therefore their 
growth dynamics are relevant to understanding patterns of skeletal modularity in 
long bones. Similarly, since both bone thickening and bone elongation are affected 
by different factors (Moss-Salentijn, 1991; Taylor, 1991), the study of modularity 
could provide important insights into the mechanisms driving bone adaptation in 
subterranean mammals. In this sense, although the pattern of bone modeling in B. 
suillus has been comprehensively described previously (Montoya-Sanhueza & 
Chinsamy, 2017), it remains unknown how both bone thickening and elongation 
relate to age and whole-body size parameters. Additionally, subterranean 
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mammals have typically been described as having elongated cylindrical body 
shapes with short limbs (Eilam et al., 1995; Eilam, 1997; Nevo, 1999, Stein, 2000), 
but no morphological studies have yet demonstrated how this “subterranean 
phenotype” is reached. 
In this study we use a multiscale approach including morpho-functional 
indices to quantify ontogenetic morphological changes associated with the 
functional ability of bone designs to either favor strength or speed. We also use 
linear measurements (length and diameter) and different proxies of body size to 
identify the modular patterns of endochondral and periosteal bone formation 
during ontogeny. Bone fusion sequences are also included in this analysis, 
especially for the estimation of bone growth direction and to assess how plate 
closure may affect the postnatal development of specific functional traits. 
Considering the above, the main questions addressed in this study are: i) what 
morphological changes occur during the ontogeny of B. suillus, and when do these 
occur? ii), do certain parts of the skeleton develop at different rates (e.g., intralimb 
and interlimb variability)? iii) do endochondral and periosteal bone modules show 
different growth trends in relation to body size? Considering that B. suillus mostly 
use their forelimbs to break-up the soil during burrow construction (Jarvis, 2013), 
we expect that the forelimbs would reach the adult phenotype (skeletal maturity) 
earlier than hindlimbs. This would be further supported by humeral and ulnar 
traits showing faster growth rates as compared to femoral and tibio-fibular traits. 
Secondarily, differences in trait variability are expected to occur between 
ossification modules due to differential effects of the environment and 
development (e.g. Atchley & Hall, 1991; Moss-Salentijn, 1991; Taylor, 1991). The 
results of this study are mostly discussed in terms of development and function, 
although aspects of behavior, locomotion, and sex differences are also included. 
This study provides the first integrative assessment of limb bone growth of a 
subterranean mammal involving different dimensions of anatomical analysis (i.e. 
external morphology and bone microstructure), thus providing a comprehensive 
understanding of the patterns of morphological adaptation in a highly specialized 
mammal. 
 
3.2 EXPERIMENTAL PROCEDURES 
3.2.1 Species and Specimens 
Forty-six Cape dune molerats, Bathyergus suillus, were analyzed in this study (Fig. 
3.3.1A, B), comprising 11 juveniles (six females, five males), 17 subadults (eight 
females, nine males) and 18 adults (11 females, seven males). Data collection 
methods and biological aspects of these specimens are presented in previous 
studies (Hart et al., 2007; Montoya-Sanhueza & Chinsamy, 2017, 2018). Ontogenetic 
stages were based on the relative age classes (from 2 to 9) determined on patterns 
of molar eruption and wear (Hart et al., 2007). Given that newborns were 
unavailable for B. suillus, we studied a newborn individual of its closest relative, 
the Namaqua dune molerat, B. janetta (Visser et al., 2014), as well as a juvenile and 
four adults of this taxon. Namaqua dune molerats are a medium to large size 




suillus (Bennett et al., 1991; Herbst et al., 2004; Jarvis, 2013). These species occur 
mostly allopatrically, with B. suillus being endemic to the Cape Peninsula in the 
Western Cape Province (South Africa), and B. janetta endemic to the north-
western parts of the Northern Cape (South Africa), but also extending to the south 
of Namibia. Hybridization of these species has been postulated at the border of 
their distributions (see Visser et al., 2014, and references therein), although recent 
molecular studies have suggested a higher genetic variation within Bathyergus, 
leading to a paraphyletic placement of these taxa and indicating that a systematic 
revision is needed (Ingram et al. 2004; Visser et al., 2014). Both species are scratch-
diggers (Jarvis, 2013) closely associated with coastal sand dunes and alluvial sands 
along rivers. As compared to B. suillus, B. janetta produce smaller burrow systems, 
ranging between 57-175 m and 136 mm in diameter (Jarvis, 2013). The pattern of 
molar eruption and wear of B. janetta, along with its humeral and femoral bone 
histology (G. Montoya-Sanhueza, unpubl. data, 2018) confirms advanced stages of 
somatic maturity in adults. The neonate and juvenile of B. janetta were donated by 
J. Jarvis and were already cleared and stained with alcian blue for cartilage, and 
alizarin red for bone/osteoid. All specimens are housed in the Department of 
Biological Sciences at the University of Cape Town (UCT), South Africa. 
 
3.2.2 Measurements 
Twenty linear measurements were recorded from forelimbs (humerus and ulna) 
and hindlimbs (femur and tibia-fibula) of each specimen (Fig. 3.1C). Linear 
measurements were recorded using a digital caliper (0.01 mm). Some small bones 
(especially from neonates and juveniles) were photographed using a 
stereomicroscope (Nikon SMZ 745T), and then analyzed in Image Pro-Plus version 
4.5 (Media Cybernetics, Silver Spring, USA). Measurements, presented in mm 
(mean ± SD), follow standard linear measurements from previous studies (Fig. 3.1). 
Total bone lengths are the maximum distance from the proximal articular surface 
to the distal articular surface (Fig. 3.1). In the humerus, transversal (TDH) and 
anteroposterior diameters (APDH) were measured below the deltoid tubercle (DT) 
(~60% from proximal epiphysis). The location of the DP within the diaphysis 
(DLH) was measured from the humeral head to the distal origin of this structure. 
The humeral head diameter (HH) is the maximum distance in its major breadth. 
Humeral (EH) and femoral (EF) condylar widths were measured as the maximum 
distance between the medial and lateral edges of the (epi)condyles. In the ulna, the 
olecranon length (OL) is the distance from the tip of the olecranon to the center of 
the trochlear notch. The functional length of the ulna (FUL) is the difference 
between UL and OL (Fig. 3.1). The transversal (TDU) and anteroposterior 
diameters of the ulna (APDU) were taken at 50% from the proximal epiphysis. In 
the femur, the transversal diameter (TDF) was measured at the 50% of the FL from 
its proximal epiphysis (usually below the third trochanter). Due to the circular 
shape of the femoral head, its diameter (FH) was measured as the maximum 
distance between the medial edge to the lateral edge. In the tibio-fibula, the length 
of the distal tibio-fibular junction (DTFJ) is the distance from the proximal 
articular surface to the tibio-fibular junction (which is usually located at ~58% 
from the proximal epiphysis in this species). The transversal (TDT) and 
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anteroposterior diameters (APDT) were measured at the distal tibio-fibular 
junction. The tibial tuberosity (UTL) was measured between the proximal articular 
surface to the distal point of this feature. Three additional composite measures 
were added to the analysis: forelimb length (HL+FUL), hindlimb length (FL+TL) 
and vertebral length (BL-SKL). We also explored morphological changes in the 
relative position of bone superstructures (i.e. projections that serve for tendon and 
ligament insertion or articulation) on the diaphysis of long bones since their 
position is crucial for musculoskeletal functionality (Stern et al., 2015). We 
calculated the mean relative percentage to the total length of four bone 
superstructures; i) distal origin of deltoid tubercle (DLH%), ii) distal origin of 
olecranon (OL%), iii) extension of the tibial tuberosity (UTL%) and iv) distal tibio-
fibular junction (DTFJ%) (Fig. 3.1C). In order to determine the direction of bone 
growth we recorded the general pattern of epiphyseal fusion of B. suillus (Table 
3.6), considering two main stages: fused (epiphyseal line partially present or 
absent) and non-fused epiphyses (epiphyseal line totally visible). 
 
3.2.3 Morpho-Functional Indices 
To assess the degree of morphological change in the postcranial skeleton we used 
morpho-functional indices and limb proportions which are readily recorded on 
neonatal/juvenile specimens (Table 3.1). The use of these indices allowed us to 
identify which specific aspects of the bone shape undergoes change, i.e. either its 
length or its diameter. Nineteen indices were calculated from linear measurements 
(see details in Table 3.1): 14 were taken from previous studies; two represent a 
modification of some of them (see below); and three were developed in this study. 
Their calculation and biomechanical/ecomorphological function are presented in 
Table 3.1. The indices representing robustness of the ulna (URI) and tibia (TRI) 
have been typically measured as the quotient between the transversal 
(mediolateral) diameter of the bone and its functional length (e.g., Vizcaíno et al., 
2016). These indices are thought to demonstrate the robustness and strength of 
such bones, as well as the available surface for muscle attachment. Specifically, the 
use of transverse diameters reflects the resistance to bending in one direction, the 
mediolateral axis of the bone. However, the higher bending stresses in the forearm 
of mammals performing parasagittal movements during scratch-digging behavior, 
like B. suillus (Hildebrand, 1985), are expected to occur mainly in the 
anteroposterior axis of the bone (Biewener & Taylor, 1986; Carter & Beaupré, 2001; 
Leppänen et al., 2006), which is usually longer and hence designed to resist higher 
bending stresses as compared to its orthogonal, shorter mediolateral axis. The 
wider anteroposterior ulnar section also provides a larger surface for attachment of 
flexor muscles such as the m. extensor carpi ulnaris, m. flexor carpi ulnaris and m. 
flexor digitorum profundus (e.g., Holliger, 1916). Therefore, to assess the bending 
resistance of such bones in a more precise manner we included two indices 
indicating the robustness of the ulna and tibia in the anteroposterior axis (URI* 
and TRI*, respectively). Other indices vary in the way that they have been 
previously measured. For instance, the humerus robustness index (HRI) is 
sometimes calculated with its anteroposterior axis (e.g., Echeverría et al., 2014), 




Vizcaíno et al., 2016). We followed the former authors since their calculation is 
more in accordance with the biomechanical approach explained above. 
The cortical area of tubular long bones is generally considered to reflect a 
section’s rigidity to pure axial (compressive or tensile) loadings (e.g., Heinrich & 
Biknevicius, 1998). For this reason, we included a dimensionless parameter of bone 
thickness, the cortico-diaphyseal index (CDI) (Castanet et al., 2000; Montoya-
Sanhueza & Chinsamy, 2018), which is a basic estimator of cortical area and bone 
strength (Currey, 2002). This index also provides information on osteogenic 
dynamics when analyzed along with estimations of bone area (see Montoya-
Sanhueza & Chinsamy, 2018). This parameter quantifies the ratio between the 
cortical thickness and the radius of the cross-section (see Girondot & Laurin, 
2003), so that higher values indicate thicker cortical walls and hence a higher 
rigidity to resist bending and torsional strains (e.g. Heinrich et al., 1999). Both 
humeral (CDIh) and femoral (CDIf) parameters were calculated using binary 
images of bone area and empty space; the medullary cavity and resorption cavities 
are considered as empty spaces (thus increasing bone porosity), while nutrient 
arteries and void space are not included, thus minimizing the intrinsic bone 
porosity levels of the bone, but still keeping the general microanatomical design of 
the whole cross-section (see Montoya-Sanhueza & Chinsamy, 2018). Since peak 
bending strains generally occur in the midshaft of quadrupedal mammals 
(Biewener & Taylor, 1986; Carter & Beaupré, 2001; Young et al., 2014), bone cross-
sections were done at ~50% of the femoral diaphysis, and below the deltoid 
tubercle in the humerus (at ~58-60% from the proximal articular surface). CDI 
values were obtained from the software Bone Profiler Version 4.5.7 (Girondot & 
Laurin, 2003). 
We also assessed the intermembral index (IMI) (Howell, 1965) and the 
vertebral index (VI) (developed in this study). Apart from indicating leaping 
ability, the IMI has not shown clear functional correlates in mammals, especially 
those associated with either higher speed or lack of it (Howell, 1965). However, this 
index has never been applied to assess ontogenetic patterns. Subterranean 
mammals, which are usually ascribed to have cylindrical body shapes with short 
limbs (Eilam et al., 1995; Eilam, 1997; Nevo, 1999, Stein, 2000), also appears to have 
a symmetric limb length ratio, i.e. high IMI ~1.0. We expect high IMI values in B. 
suillus, as a strategy facilitating bidirectional locomotion in narrow burrow systems 
(e.g., Eilam et al., 1995; Eilam, 1997). 
Henry et al. (2007) and Dengler-Crish and Catania (2007, 2009) have 
reported that the lumbar vertebrae elongate in queens of the eusocial naked 
molerat, Heterocephalus glaber (Bathyergidae), likely as an adaptation to provide 
more space within the body (longitudinally) and thereby increasing the abdominal 
capacity for pups. In this study, the vertebral index (VI) included lengths of the 
cervical, thoracic, lumbar and sacral vertebrae. Higher values of VI will represent a 
longer relative spine length, which it is expected to increase during ontogeny, 
especially in females. 
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3.2.4 Allometric Analysis 
Long bone allometry of B. suillus was assessed in relation to body mass (BM) and 
body length (BL), although skull length (naso-occipital length) (SKL) was also 
included for comparative purposes due to their frequent use in studies on fossorial 
mammals (e.g., Schleich & Vassallo, 2003; Bidau et al., 2011; Echeverría et al., 2014) 
(Table 3.5). To assess the amount of variance of each of these proxies, we used the 
coefficient of determination (R2) obtained from RMA regressions. Only for the 
assessment of linear relationships among proxies of body size, we used relative age 
(2-9) as an “independent” variable.  
A large proportion of structural evolution can be fully described in terms of 
relative growth and heterochrony, today better known as allometric trends (Gould, 
1966). One important aspect of using bone allometry and linear regressions in this 
study is to provide information on mechanisms explaining structural 
modifications, especially associated with patterns of ossification among different 
skeletal elements and within bone elements. Long bone osteogenesis in vertebrates 
undergoes two main processes during growth; endochondral and 
intramembranous (perichondral/periosteal) ossification, which represent 
independent developmental entities (Hall, 2015). The integration of allometric 
approaches permits the quantification of such tissue-mediated mechanisms 
responsible for the final phenotype observed among species (e.g., Sanger et al., 
2011; Koyabu et al., 2011). For this reason, in this study, linear measurements 
associated with bone elongation (HL, DLH, UL, OL, FUL, FL, TL, UTL and DTFJ) 
were considered to reflect patterns of the endochondral bone module, while the 
measurements associated to radial bone thickening (TDH, APDH, TDU, APDU, 
TDF, TDT and APDT) were considered to reflect the periosteal bone module. The 
ossification of secondary centers (HH, FH) reflects another module, although since 
the (epi)condyles (EH and EF) are located in the interface (metaphysis) between 
endochondral and periosteal bone formations (Hall, 1978; Moss-Salentijn, 1991), 
these traits most likely involve the interaction of two different developmental 
modules.  
Linear measurements were analyzed by standardized major axis (SMA) 
estimation (Model II regression) (Warton et al., 2006). We chose SMA (=RMA), 
over ordinary least square regressions (OLS) and major axis (MA) estimation types 
because we intended to determine the relationship between two variables not 
necessarily independent in the strict sense, and with both variables containing 
error to some extent (Warton et al., 2006). Departures from isometry were assessed 
by inspection of slopes (b) and fitting to the 95% confidence intervals (CI) by 
testing the null hypothesis b = 1.0 when comparisons of the scalars are equivalent 
(e.g. BL vs SKL), and b = 0.33 when comparisons involve different scalars (e.g. BM 
vs BL). If the CI excluded a value of 1.0 (or 0.33), then allometry was considered 
significant. If the slope is 1 (or 0.33), the change is isometric (I); if the slope is <1.0 
(or <0.33) there will be an increase in size of the x variable and hence negative (-) 
allometry; if the slope is >1.0 (or >0.33), there will be an increase in size of the 
variable y and hence positive (+) allometry. Patterns of bone growth in B. janetta 
were assessed using SKL only. In this study, body size variables are always plotted 
in the x axis, to highlight the effect on the y variable (e.g., positive allometry 




3.2.5 Statistical Analysis 
To assess postnatal morphological changes, functional indices were analyzed by 
two-way multivariate analysis of variance (MANOVA). Factors used in the 
MANOVA were ontogenetic stage (OS) (juveniles, subadults and adults), sex 
(female, male) and its interaction (OS*sex). We performed Scheffe’s F post hoc 
tests for the MANOVA. We also explored the data using non-parametric MANOVA 
(NPMANOVA) (Euclidean distance), which gave similar results (OS: F = 16.279, P < 
0.001; Sex: F = 2.144, P > 0.05) as compared to the parametric procedure. We opted 
to show the parametric model due to the more complete output of the MANOVA, 
which allowed us to carry out a discriminant function analysis (DFA) with the 
standardized canonical coefficients. The DFA permits a visualization of the 
differences in the morpho-functional indices that most contribute to the 
differentiation between groups based on OS centroids. An alpha level of 0.05 for all 
statistical tests was used. For all the allometric analyses and morpho-functional 
indices, data were previously log10 transformed. Tests and plots were performed in 
Microsoft Excel (2010), PAST version 2.17c (Hammer et al., 2001) and IBM SPSS 
version 25 (IBM, 2017) Statistical Package for Social Sciences. 
 
3.3 RESULTS  
3.3.1 Multivariate Analysis (MANOVA) of Morpho-Functional Indices 
Nineteen morpho-functional indices were analyzed (Table 3.1 and 3.2). Significant 
differences were found among ontogenetic stages (OS) (Wilks’ λ = 0.045; F38, 40 = 
3.936; P < 0.001), but not between sexes (Wilks’ λ = 0.453; F19, 20 = 1.273; P > 0.05) or 
the sex*OS interaction (Wilks’ λ = 0.185; F38, 40 = 1.397; P > 0.05). Univariate 
ANOVAs showed that 13 out of 19 morpho-functional indices were significantly 
different (P < 0.05) among ontogenetic groups (Fig. 3.2): humerus robustness index 
(HRI: F = 6.154), humeral head index (HHI: F = 23.154), humeral epicondylar index 
(EIh: F = 66.815), index of fossorial ability (IFA: F = 11.224), anteroposterior 
robustness of the forearm (URI*: F = 4.232), brachial index (BI: F = 3.769): femoral 
condylar index (EIf: F = 88.646), femoral head index (FHI: F = 51.237), tibial spine 
index (TSI: F = 3.924), crural index (CI: F = 9.172), intermembral index (IMI: F = 
6.495), and cortico-diaphyseal index of the humerus (CDIh: F = 15.858) and femur 
(CDIf: F = 23.811). The rest of the indices i.e., the relative position of the deltoid 
tubercle (RDP), transverse robustness of the ulna (URI), robustness of the femur 
(FRI), transverse (TRI) and anteroposterior (TRI*) robustness of the tibia, as well 
as the vertebral index (VI) showed non-significant differences among ontogenetic 
stages (P > 0.05). The ontogenetic invariability of these indices also indicates a 
relatively proportional growth of their bone modules from juvenile to adult stages 
(Table 3.2; Fig. 3.3). 
 








TABLE 3.1 (previous page). Morpho-functional indices analyzed in this study, their 
calculation and functional significance. Measurements indicated above are illustrated in 
Figure 1. (†) Indices calculated with Bone Profiler (Girondot & Laurin, 2003). (*) Indices 
modified in this study (see text). (•) Indices created in this study. Indices and 
measurements follow mainly Howell (1965), Hildebrand (1985), Rose (1989), Vizcaíno et al. 
(1999, 2016), Currey (2002), Salton & Sargis (2008), Echeverría et al. (2014), Wilson & Geiger 
(2015) and references therein. 
 
TABLE 3.2. Descriptive statistics (mean ± SD) of morpho-functional indices of Bathyergus 
suillus (top) and B. janetta (bottom). Females (F), males (M). Statistically significant 
indices (P < 0.001) are shown in bold (see text). See abbreviations in Table 3.1. 
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FIGURE 3.2. Box and whisker plots showing ontogenetic trends of statistically significant 
morpho-functional indices (13) of Bathyergus suillus. Significant differences, after post hoc 
correction (Scheffe’s F) among juveniles (J), subadults (S) and adults (A) are shown for each 
index. Width of the boxes indicates sample size. Abbreviations: Humerus robustness index 
(HRI); Humeral head index (HHI); Humeral epicondylar index (EIh); Index of fossorial 
ability (IFA); Anteroposterior robustness of the forearm (modified version) (URI*); Brachial 
index (BI); Femoral condylar index (EIf); Femoral head index (FHI); Tibial spine index 
(TSI); Crural index (CI); Intermembral index (IMI); Cortico-diaphyseal index of the 




Scheffe’s F post hoc tests indicated that the humeral (HHI) and femoral 
head (FHI) indices, as well as the humeral (EIh) and femoral condylar (EIf) indices 
decreased from juvenile to adult stages (Fig. 3.2). Similarly, the index of fossoriality 
(IFA), humeral robustness (HRI) and crural index (CI) were higher in juveniles as 
compared to adults, although subadults showed variable values (Table 3.2; Fig. 3.2, 
3.3). These trends contrast with the ontogenetic increase of the anteroposterior 
robustness of the forearm (URI*) and the cortico-diaphyseal index of the humerus 
(CDIh) and femur (CDIf), with subadults and adults showing similar means, but 
higher than juveniles (Table 3.2; Fig. 3.3, 3.2). Similarly, the tibial spine (TSI) and 
intermembral (IMI) indices also increased during ontogeny, with subadults 
displaying a more variable morphology. The brachial index (BI) of subadults 
tended to have lower values as compared to juveniles. In general, these data 
indicated that certain functional indices associated with better digging ability 
decreased with age (e.g., HRI, IFA), while others increased (e.g., URI*, CDIh). 
Similarly, indices associated to locomotor performance (i.e. CI, BI and IMI) showed 
different ontogenetic trends, although adults had a more symmetrical limb 
proportion than juveniles (IMI; Fig. 3.2).  
The discriminant function analysis (DFA) showed a significant 
morphological differentiation between ontogenetic groups (Wilks’ λ = 0.063; F26, 60 
= 6.825; P < 0.0001). The analysis yielded two discriminant functions (DF) 
accounting for 100% of the total variance of the data (Table 3.3; Fig. 3.4). The first 
axis (DF1) explained most of the morphological variability (91.8%), where the 
femoral condylar index (EIf) and crural index (CI) contributed the most to this 
function (Table 3.3; Fig. 3.4). This indicates that the most noticeable morphological 
changes in B. suillus occurred were observed in the hindlimb. The second 
discriminant function (DF2) accounted for 8.13% of variance, where the brachial 
index (BI) contributed the most (Table 3.3). Correlations obtained between 
ontogenetic groups and canonical variables for DF1 (Table 3.3) showed that 
juveniles and most subadults had negative DF1 scores for HRI, HHI, EIh, IFA, EIf, 
FHI and CI, which are correlated with more robust humeral diaphyses (HRI), 
greater humeral and femoral head articular surfaces (HHI and FHI), wider humeral 
and femoral condyles (EIh and EIf), longer olecranon processes (higher IFA) and 
more symmetric femoral and tibio-fibular proportions (CI) (Fig. 3.4). Adults (and 
some subadults) had positive DF1 scores for URI*, BI, TSI, IMI, CDIh and CDIf, 
indicating thicker anteroposterior ulnae, thicker cortical humeral (CDIh) and 
femoral (CDIf) cortical walls, larger tibial spine index (TSI) and more symmetrical 
forelimb (BI) and intermembral (IMI) proportions (Table 3.3; Fig. 3.4). Negative 
scores of (epi)condylar diameters (EIh and EIf) and size of the femoral head (FHI), 
as well as positive scores for cortico-diaphyseal indices (CDIh and CDIf) 
contributed the most to discriminate between ontogenetic groups (Table 3.3). 
Correlations of the DF2 were negative for HHI, EIh, IFA, URI*, FHi, TSI, CDIh and 
CDIf. Most subadults, some adults and two juveniles were represented by these 
negative scores, representing an intermediate group between the juvenile and 
adult centroids, although more closely related to adults, except for the index of 
fossorial ability, which is more similar to juveniles and one of the variables 
contributing most to this function (Table 3.3).  
 




TABLE 3.3. Standardized canonical 
discriminant function coefficients, coefficient 
vs variable correlations, eigenvalues, Wilk’s 
lambda and proportion of variance explained by 
each function. 
FIGURE 3.3. Growth trends of 
non-ontogenetically significant 
morpho-functional indices of 
Bathyergus suillus. Body length 
(BL) is used as the proxy of body 
size. Abbreviations: Relative 
position of the deltoid tubercle 
(RDP); transverse robustness of 
the ulna (URI); robustness of the 
femur (FRI); transverse (TRI) and 
anteroposterior (modified version, 
TRI*) robustness of the tibia; 





FIGURE 3.4. Scatterplot of DF1 and DF2 values showing ontogenetic morphological 
differentiation of the appendicular skeleton of Bathyergus suillus. Bones around the graph 
show the main differences of the external morphology and bone microanatomy between 
juveniles and adults (bones scaled to same size). Location of long bone cross-sections are 
indicated by a red ring. The arrow head in the ulna shows the area subjected to 
morphological change (URI*). Ulnae do not show the distal epiphysis. 
 
3.3.2  Limb Bone Allometry 
We reported a comprehensive data set of linear measurements and allometric 
growth trajectories for B. suillus (Table 3.4, 3.5; Fig. 3.5). Figure 5 shows the growth 
trends of the main endochondral and periosteal modules, where the longest and 
shortest bones are the ulna and humerus, respectively (Fig. 3.5A), the thickest and 
thinnest in anteroposterior direction are the tibia-fibula and ulna, respectively 
(Fig. 3.5B), and the thicker and narrower in mediolateral direction are the femur 
and ulna, respectively (Fig. 3.5C). RMA regressions of body size proxies against age 
classes (2-9) showed that the most variable proxy was body mass (BM, R2 = 0.649), 
followed by body length (BL, R2 = 0.711) and skull length (SKL, R2 = 0.763). This is 
similar to previous reports of B. suillus showing considerable intrapopulation 
variability in BM later in ontogeny, which results in marked male-biased sexual 
dimorphism of adults (Hart et al., 2007). These three proxies scaled isometrically 
with each other (Table 3.5). Regarding postcranial elements, most of them scaled 
isometrically with BM (65%) and BL (61%), although when scaled against SKL, a 
higher number of positive correlations were obtained (43%), with only 39% 
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showing isometry (Table 3.5). These data indicate that some postcranial elements 
have a distinct growth pattern in relation to SKL; particularly the forelimb length 
(H+U), humeral length (HL), ulnar length (UL) and femoral length (FL), among 
others, showed positive allometry with respect to the skull, although an isometric 
relationship with vertebral length (VL) persisted (Table 3.5). In general, 13 
measures showed consistent scaling patterns for all proxies (Table 3.4). Seven 
showed isometry (TDH, APDH, TDU, UTL, DTFJ, FL+TL, VL), indicating that both 
endochondral and periosteal modules show proportional growth patterns with 
respect to body size. Two showed positive allometry (APDU, APDT) (Table 3.5), 
indicating that periosteal modules tended to grow proportionally larger than 
endochondral modules respect to proxies of body size. Four showed negative 
allometry (EH, OL, FH, EF), indicating that all epiphyseal and metaphyseal traits, 
associated to secondary centers of ossification, have a reduced contribution to the 
total growth of the bone (Table 3.5).  
 
3.3.3  Endochondral Modules 
The forelimb (H+U) showed higher slopes in comparison to the hindlimb (F+T) 
(Table 3.5). Particularly, the tibial length (TL) showed the slowest slopes for bone 
lengths, which explain the smaller size of this bone in comparison to the rest of the 
bones analyzed (Tables 4, 5; Fig. 3.5). The fact that the deltoid tubercle length 
(DLH) and functional ulnar length (FUL) showed higher slopes as compared to 
their respective total bone lengths (HL and UL, respectively), indicates a negative 
effect of their distal and proximal epiphysis, respectively, on the total elongation of 
these bones. This is because the growth plates of the distal humerus and proximal 
ulna fused before their contrary epiphyses. 
 
3.3.4 Periosteal Module 
Diaphyseal thickening (anteroposterior and mediolateral diameters) showed the 
highest slopes for each bone, except for the humerus, where an endochondral 
module showed the highest values (i.e. DLH; Table 3.5). Based on this, bone 
thickening was attained quickly in ontogeny in B. suillus. As mentioned before, in 
the humerus, bone elongation is prioritized over bone thickening, and transversal 
thickening (TDH) is prioritized over anteroposterior (APDH) thickening. The 
contrary occurs in the ulna, where anteroposterior thickening is prioritized. In 
general, all regressions showed high coefficients of determination (R2 > 0.80; Table 
3.5), although endochondral modules showed lower degrees of variation for those 






TABLE 3.4 (next page). Descriptive statistics (mean ± SD) of linear measurements of 













FIGURE 3.5. Ontogenetic growth trends of bone modules (elongation and thickening) in 
Bathyergus suillus plotted against body mass and body length. A) Endochondral bone 
modules showing the total bone lengths of the humerus (HL), ulna (UL), femur (FL) and 
tibia-fibula (TL). B) Periosteal bone module showing the anteroposterior diameters of the 
humerus (APDH), ulna (APDU) and tibia-fibula (APDT). C) Periosteal bone modules 
showing the mediolateral diameters of the humerus (TDH), ulna (TDU), femur (TDF) and 








TABLE 3.5 (next page). Regressions describing the ontogenetic postcranial growth 
patterns of Bathyergus suillus. Scaling relationship of 23 linear measurements of the 
appendicular system and vertebrae were assessed against body mass (BM), body length 
(BL) and skull length (SKL). Isometry (I), positive (+) and negative (-) allometry are showed 
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3.3.5 Development of Diaphyseal Bone Superstructures 
The position of superstructures within the diaphysis does not undergo 
considerable changes (i.e., scarce longitudinal diaphyseal drift). The distal origin of 
the deltoid tubercle (DLH%) is similar between sexes and ages: juveniles (♀ = 
58.28%; ♂ = 58.40%); subadults (♀ = 59.91%; ♂ = 59.91%); adults (♀ = 59.25%; ♂ = 
59.64%). This is also reflected by the RDP index (Fig. 3.3). The olecranon (OL%) 
tended to decrease in relative size, becoming restricted to the distal portion of the 
ulna: juveniles (♀ = 26.35%; ♂ = 25.43%); subadults (♀ = 25.22%; ♂ = 25.54%); adults 
(♀ = 23.72%; ♂ = 23.40%). This is also reflected in the IFA index (Fig. 3.2). The distal 
point of the tibial tuberosity (UTL%) increases slightly during ontogeny: juveniles 
(♀ = 45.43%; ♂ = 47.80%); subadults (♀ = 48.77%; ♂ = 49.10%); adults (♀ = 49.01%; 
♂ = 48.87%). This is also observed in the TSI index (Fig. 3.2). The position of the 
distal tibio-fibular junction (DTFJ%) does not change in males, although females 
have a more proximal tibio-fibular junction than males in early ontogeny: juveniles 
(♀ = 57.49%; ♂ = 60.62%); subadults (♀ = 59.67%; ♂ = 60.75%); adults (♀ = 59.58%; 
♂ = 60.04%). Overall, this indicates an isometric position of superstructures during 
ontogeny, and that juvenile females have a shorter tibial tuberosity and tibio-
fibular junction than males, although a larger olecranon process. 
 
3.3.6 Epiphyseal Fusion 
In general, except for the humerus, growth plates fused quite late in ontogeny 
(Table 3.6). From all growth plates analyzed, the distal humerus fused first; some 
juveniles showed totally fused epiphyses, while all subadults and adults have fused 
them. The proximal epiphysis of the humerus never fuses. In the ulna, only a few 
adults fused the olecranon (mainly females), whereas the styloid process never 
fuses in males and it was fused in only one female. In the femur, only a few adults 
showed the femoral head and greater trochanter fused, but the condyles were 
never fused. In the tibia-fibula, the proximal epiphysis never fused, whereas the 
cochlea is fused in all the adults. 
 
3.3.7 Sex Differences of Morpho-Functional Indices 
Although the MANOVA did not show sex differences, the univariate ANOVAs 
found significant differences (P < 0.05) for the humeral robustness index (HRI: F = 
5.844), epicondylar index (EIh: F = 11.592), robustness of the tibia (TRI: F = 4.757), 
crural index (CI: F = 7.566) and cortico-diaphyseal index of the femur (CDIf: F = 
5.27). Females have wider anteroposterior (higher HRI) and epicondylar humeral 
diameters (higher EIh) than males (Table 3.2). Females also have a more symmetric 
bone growth between the femur and the tibio-fibula (higher CI). However, males 
have wider mediolateral thicknesses of the tibia (TRI) and thicker cortical femoral 
walls (CDIf) as compared to females. In general, these differences indicated that 
periosteal and (epi)condylar modules grew relatively more in the humeri and tibiae 
of females and that the periosteal/endosteal apposition was higher in the 






TABLE 3.6. Number of specimens showing proximal (p) and distal (d) fusion of epiphysis 
in Bathyergus suillus and B. janetta. The suggested bone growth direction (SGD), based on 
fusion and allometric growth trajectories (see Table 3.5) is also indicated. Sample size is 
shown in parentheses.  
 
 
3.3.8 Developmental Functional Morphology of Namaqua Dune Molerats 
(Bathyergus janetta) 
The inclusion of B. janetta in this study helped to understand the initial stages of 
perinatal limb bone development in the scratch-digger lineage, Bathyergus. Since 
only six specimens were studied for B. janetta, we only describe the main 
developmental and morphological changes of B. janetta and highlight its 
differences with B. suillus. Gross anatomical shape is attained early in postnatal 
ontogeny (Fig. 3.6). In the two days old newborn, the primary ossification fronts 
are widely spread towards the bone ends, and chondroepiphyses are already quite 
differentiated, but apparently still lacking secondary centers of ossification (Fig. 
3.6). Secondary centers are usually developed a few days after birth in rodents 
(Johnson, 1933; Patton & Kaufman, 1995; Sánchez-Villagra, 2002; Farnum, 2007). In 
this specimen, the teres major process of the scapula, which is a ventral 
prolongation associated with the origin of the teres major muscle, and therefore, 
highly developed in adult subterranean rodents (Fernández et al., 2000; Echeverría 
et al., 2014), was already differentiated and well-developed but still cartilaginous 
(Fig. 3.6). Similarly, in the humerus, the deltoid tubercle was also well formed in 
anterolateral projection and mostly ossified, although cartilage still evident on the 
edges (Fig. 3.6). In the juvenile specimen, the cartilaginous portion of the teres 
major process has considerably been reduced, and the secondary centers of 
ossification are visible. In this specimen, the deltoid tubercle was totally ossified 
(i.e. no remnants of cartilage). The ulna of the newborn has a well differentiated 
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and robust olecranon process which extends considerably behind the elbow, but it 
is also still cartilaginous, while the trochlear notch is ossified. In the juvenile, these 
features appear considerably more ossified, and the cartilaginous portions reduced. 
In the femur of the newborn and juvenile, the greater trochanter is well 
differentiated but still cartilaginous, and the third trochanter is well ossified in the 
juvenile. The fibula is already fused to the tibia along the distal third of their 
diaphysis, but still shows a groove at their distal portions (Fig. 3.6). The 
anteromedial position of the tibia and the posterolateral position of the fibula do 
not change from newborn to adult stages, although the distal groove between the 
fused tibia and fibula disappears in the latter. In general, the ossification process 
seems to occur more rapidly in the forelimb. 
Out of 17 morpho-functional indices calculated for B. janetta, most of them 
(11) tended to decrease during ontogeny (HRI, HHI, EIh, IFA, URI, URI*, EIf, FHI, 
TRI, TRI*, IMI), five tended to increase (FRI, TSI, CI, VI, BI), and one maintained 
their values (RDP; Table 3.2). Most indices showed a similar ontogenetic pattern to 
B. suillus, although some differences were noted when adults were compared; B. 
janetta showed a more proximally located deltoid tubercle (RDP), a higher brachial 
(BI) and crural indices (CI), as well as lower tibial spine index (TSI) and tibial 
robustness (TRI). Interestingly, the index of fossorial ability (IFA) in B. janetta 
showed slightly lower values as compared to B. suillus, although it also decreases 
during ontogeny. 
Regarding the development of superstructures in B. janetta, the DLH% 
does not vary during ontogeny [newborn = 56.68%; juvenile = 52.78; adults (n = 4) 
= 55.42%], OL% decreased [newborn = 26.80%; juvenile = 22.53; adults (n = 2) = 
22.25%], UTL% increased [newborn = 38.29%; adults (n = 2) = 43.81%], and DTFJ% 
also decreases [newborn = 61.00%; juvenile = 60.17%; adults (n = 2) = 55.95%]. In 
general, these features showed some similar growth trends during ontogeny as 
compared to B. suillus (except DTFJ%), although the deltoid tubercle (DLH%), 
tibial tuberosity (UTL%) and distal tibio-fibular junction (DTFJ%) are more 





FIGURE 3.6. Cleared and double stained (alcian blue/alizarin red) skeleton of Bathyergus 
janetta (newborn, two days old) showing the early postnatal development of the 
appendicular skeleton (cartilage appears blue and bone matrix appears pink). This 
specimen showed wide extension of primary ossification centers and well-developed 
chondroepiphyses. Note the relatively well-developed teres major process, deltoid tubercle 
and olecranon in the forelimb, as well as a well-developed third trochanter and distal tibio-
fibular junction in the hindlimb. 
 
3.4 DISCUSSION 
3.4.1 Development of the Skeletal Phenotype in B. suillus 
Our results showed that juveniles of B. suillus have a highly specialized scratch-
digging skeletal phenotype in forelimbs and hindlimbs. This phenotype is 
characterized by a set of external features associated with the improvement of 
digging ability, particularly by increasing the surface area available for muscle 
attachment at (epi)condyles and olecranon (e.g. Lessa & Stein, 1992; Vizcaíno et al., 
2016). This contrasts with the observed external morphology of adults (Fig. 3.4). 
Development of the Scratch-Digging Phenotype 
47 
 
Juveniles have more robust humeri (higher HRI), a relatively enlarged 
(epi)condylar area in both the humerus (EIh) and femur (EIf), and a relatively 
larger olecranon process (IFA) (Table 3.2; Fig. 3.4). Bone superstructures associated 
with increased functional ability such as a more developed teres major process and 
a distal development of the deltoid tubercle (e.g. Elissamburu & De Santis, 2011; 
Echeverría et al., 2014; Vizcaíno et al., 2016) were also observed in juveniles, as well 
as in the newborn and juvenile of the closely related species B. janetta (Table 3.2, 
Fig. 3.6). Given the close haplotypic affinities within Bathyergus (Visser et al., 
2014), it is expected that the newborns of B. suillus would also show an early 
development of such bone superstructures. These features are generally absent or 
have a later development in cursorial and semifossorial mammals (Elissamburu & 
De Santis, 2011; Echeverría et al., 2014). Thus, these findings support the 
particularity of the scratch-digging phenotype in Bathyergus, as well as its more 
precocial development as compared to other mammals. Later in life, an 
ontogenetic shift in bone morphology is observed (Fig. 3.7). The adults become 
more gracile in external shape, although they showed more robust ulnae in the 
anteroposterior direction (URI*), much more developed humeral (CDIh) and 
femoral (CDIf) cortical walls, and more developed tibial spines (TSI) (Table 3.2; 
Fig. 3.4, 3.7). Subadults showed an intermediate transitional stage of bone growth 
(Table 3.2, Fig. 3.3, 3.2, 3.4). 
The features that contributed the most to morphological differentiation 
were found in the femur (Table 3.3; Fig. 3.3, 3.2, 3.4). In adults, the femur 
underwent a considerable condylar reduction, reaching a more gracile design with 
reduced relative area for muscles associated with the extension of the knee and 
plantar flexion of the pes. Comparatively, the forelimb varied relatively less during 
ontogeny, indicating that the phenotype of the humerus and ulna were reached 
earlier than in the femur and tibia-fibula. This can be related to the premature 
fusion of epiphyses in the forelimb, specifically the distal epiphysis of the humerus 
(Table 3.6), which clearly limits further growth at the epicondyles. These 
observations corroborate our initial hypothesis of an earlier development for the 
forelimb, probably associated with functional requirements for digging in this 
genus. Within the forelimb, the humerus showed lower morphological variation 
(Table 3.3), while the ulna underwent more modifications, especially in terms of 
the index of fossorial ability (IFA). Allometric trends also supported a faster 
relative development (in length) of the forelimb as compared to the hindlimb 
(Table 3.5). A similar pattern of skeletal development is observed in other rodents, 
where forelimbs reach adult size before hindlimbs, and the humerus before the 
ulna (Green & Fekete, 1933; Munyer, 1964; Patton & Kauffman, 1995). The faster 
maturity of the humerus among zeugopodial and stylopodial elements seems to be 
a generalized pattern in mammals (Sánchez-Villagra, 2002; Bennett & Goswami, 
2011), most probably due to its earlier embryological development (Hill & Lettice, 
2016), but also because of its biomechanical implications (Sánchez-Villagra, 2002) 
and/or early growth plate closure (e.g. Geiger et al., 2014). 
In general, our results are similar to those found by Hart et al. (2007) for 
cranial features of B. suillus from the same population. These authors used 
multivariate analyses of craniometric data of 187 individuals, and found clear 




transitional stage (more closely related to adults), where a hypothetical growth 
curve for body size begins to stabilize. Similarly, our study also showed that 
subadults and adults are more similar (Fig. 3.2, 3.4), and that growth stabilization 
(depicted from morpho-functional trends, Fig. 3.2) would also occur during the 
subadult-adult transition, at least for some traits (Fig. 3.2). Thus, several 
postcranial elements followed similar growth trends as body size parameters, 
which is further supported by the fact that most linear measurements scaled 
isometrically with body size (Table 3.5). Despite the finding of significant 
morphological changes in B. suillus, the main features of their postcranial skeleton 
were already expressed in the newborn, and therefore the subsequent changes 
observed later in ontogeny are rather related to modifications in growth trends 
(heterochronic patterns) than to development, which does not differ from the 
typical mammalian growth pattern (e.g. Atchley & Hall, 1991; Smith, 1996). 
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FIGURE 3.7 (previous page). Morphological shift during the ontogeny of Bathyergus 
suillus. Linear ordinary least–square (OLS) regressions show the relationship between 
morpho-functional indices and microanatomical parameters. The juvenile-subadult 
transition represents a period of morphological change where long bones become 
externally slender but internally thicker during ontogeny. A) Humeral epicondylar index 
(EIh, circles) and cortico-diaphyseal index of the humerus (CDIh, triangles). B) Femoral 
condylar index (EIf, circles) and cortico-diaphyseal index of the femur (CDIf, triangles). 
Data are plotted against body length (BL). Filled symbols indicate juveniles. The blue arrow 
below bones indicates magnitude of (epi)condylar growth in relation to bone length. 
 
3.4.2 Timing and Causes of Ontogenetic Shifts in Bone Morphology 
By using a multiscale approach, we observed how Bathyergus despite having 
slender bones with age (decreased HRI, EIh, EIf), also had thicker bone cortices 
(CDIh, CDIf; Fig. 3.7). Previously, Montoya-Sanhueza & Chinsamy (2017) described 
the thin cortical walls of juveniles, as well as the considerable amounts of 
periosteal and endosteal bone apposition of adults, which is also observed in B. 
janetta (e.g. G. Montoya-Sanhueza, unpubl. data, 2018). The cortical bone of 
juvenile mammals is generally composed of woven bone and/or fibrolamellar bone 
(Klevezal, 1996; Chinsamy, 2005; Chinsamy-Turan, 2012). The higher proportion of 
vascularized areas (Martin, 2003), as well as high bone turnover resulting from 
metaphyseal relocation during early ontogeny result in increased endosteal and 
intracortical porosity of the diaphysis, which contribute to decreased bone 
strength of young bone (Enlow, 1963; Altman et al, 2015; Montoya-Sanhueza & 
Chinsamy, 2018). The ossified matrix of these tissues also have lower 
biomechanical material properties as compared to lamellar or secondary bone 
tissues developed later in ontogeny (Currey, 2002). For these reasons, it has been 
hypothesized that mammalian juveniles have better built bones in external 
morphology as a strategy to increase geometric robusticity and hence reduce the 
risk of fractures of “weaker” young bone matrix, as well as to increase their 
effective force by altering muscles’ line of action and thus compensating for their 
lower muscular development (Carrier, 1983; Young et al., 2010; Echeverría et al., 
2014). This may explain the more robust external anatomy of newborns and 
juveniles of Bathyergus, while thicker cortical walls in adults (with higher bone 
mass) will provide higher bending resistance to increased muscle loading due to 
higher digging demands (Casinos et al., 1993; Echeverría et al., 2014). Interestingly, 
these morphologies develop at different ontogenetic stages in Bathyergus (Fig. 3.7, 
8), suggesting that their causes also differ.  
It has been traditionally suggested that the onset of particular behaviors 
and locomotor activities directly stimulate the genetic expression of the external 
morphology of subterranean rodents, and that features established early in 
ontogeny would have a direct genotypic regulation (e.g. Cubo et al., 2006; 
Echeverría et al. 2014). The latter authors suggested that the early digging behavior 
of the solitary subterranean rodent Ctenomys talarum (Caviomorpha, 
Ctenomyidae), appearing at ~15-20 days may influence their external morphology 
(Echeverría et al., 2014, 2016). In Bathyergus, newborns of B. janetta showed a 
highly specialized phenotype, indicating that this condition is prenatally acquired 
and that other –intrinsic– factors may explain the formation of its main design (e.g. 




embryonic rudiments of bone and cartilage exhibiting many of their morphological 
features are developed even when allowed to grow in organ cultures, 
subcutaneously, intramuscularly, intracerebrally, or on the chorioallantoic 
membrane (Hall, 1978; and references therein). The differences between 
Bathyergus and C. talarum suggest that subterranean species may vary in terms of 
the adaptive processes responsible for their adult skeletal phenotype. However, 
there is increasing evidence showing that a variety of molecular, physiological and 
mechanical stimuli play important roles on morphogenesis and prenatal 
ossification (Sharir et al., 2011; Felsenthal & Zelzer, 2017). Thus, the assumption 
that perinatally developed traits are principally controlled by genetic factors, 
assuming a lower exposure to mechanical stimuli is inaccurate. The attainment of 
the fundamental form of the skeleton, as well as the presence of bone 
superstructures such as condyles, articular surfaces, tuberosities, and grooves are 
independent of both functional demand and biomechanical factors, while the 
position of structures associated with muscle and ligament attachment (e.g. 
deltoid tubercle) may depend relatively more upon the functional demands to 
which the skeleton is subjected (Murray, 1936; Hall, 1978) and requires further 
study. The effects of prenatal muscle kinesis in Bathyergus, as well as in many 
other subterranean species are almost completely unknown and it may have an 
important impact on the normal development of epiphyses and joints such as the 
(epi)condylar breadth, even when these regions are still chondroepiphyses (e.g. 
Carter et al., 1998; Cairns et al., 2010). Similarly, (epi)condyles are regions directly 
associated with sites for muscle and tendon attachment, thus receiving direct 
biomechanical stimulation as compared to regions without it (e.g. diaphysis). 
Differences in load bearing stresses experienced at early perinatal stages 
also may contribute to the development of such features. Both epicondylar and 
condylar growth start to decrease when individuals are 260-280 mm in body length 
(BL) and ~600 g in body mass (BM), which seems to coincide with increments in 
cortical bone thickness (Fig. 3.7). It appears that newborns and juveniles are 
exposed to several stimuli before the onset of digging behaviors and dispersal. A 
set of behaviors that could impose special selective mechanical pressures for an 
adequate bone growth are agonistic displays. In general, agonistic behaviors in 
rodents involve considerable stimulation of the musculoskeletal system (e.g. 
Carrier, 1983, 1996). Intersibling sparring in B. suillus begins quite early in 
ontogeny, at day 12 (Bennett et al., 2009), when individuals weigh approximately 
50 g (Bennett et al., 1991). This activity usually involves incisor-locking and bracing 
themselves with the forefeet to pull one another. The intensity of this display 
increases with age, until injury is inflicted, or the individuals disperse (Bennett & 
Faulkes, 2000). Our smaller specimens weighed approximately 250 g, so it is 
assumed that they already went through sparring behavior. Sparring in bathyergids 
is developed more precocially in solitary molerats as compared to social species 
(Bennett et al., 1991; Bennett & Faulkes, 2000). This behavior is also quite 
specialized as compared to the simpler “playful” fight documented for laboratory 
rats, in which it starts later in life (20 days old) and only becomes more aggressive 
at 6 months old, but rarely ending with bites among conspecifics (Scott, 1966). In 
C. talarum, pups express play fighting (rough-and-tumble play) early in ontogeny 
(8 days old), although this behavior does not involve aggression till later in 
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ontogeny (after weaning, ~31-58 days old) where strong mutual bites are observed 
in the snout (Zenuto et al., 2002; Echeverría, 2011).  
Although B. suillus and C. talarum are solitary species with a considerable 
degree of intraspecific aggressiveness and territoriality (Bennett & Faulkes 2000; 
Echeverría, 2011), B. suillus has a more robust body, especially males, which show 
body size-related sexual dimorphism and a thick skin layer on the ventral surface 
of the neck, suggesting that fighting represents an important aspect for prime 
burrow positions neighboring those of females (Davies & Jarvis, 1986; Hart et al., 
2007). Ctenomys talarum seems not to show conspicuous sexual dimorphism 
(Vassallo & Mora, 2007; Echeverría et al., 2014), and its body appearance is more 
stylized (Nevo, 1999), probably allowing better agility (both above and 
belowground) to escape from predators (e.g. Luna & Antinuchi, 2003). Field 
observations of adult B. suillus show that they move quite slowly aboveground and 
lack fast escaping abilities (e.g. G. Montoya-Sanhueza, pers. obs., 2018). For these 
reasons, the earlier development of agonistic behaviors in B. suillus may play 
important roles for the attainment of their external morphology, suggesting that 
its body shape is apparently selected for a better built body phenotype to assist 
with multiple functions such as fighting, defense and digging.  
Similar trade-offs in skeletal phenotypes have been documented in dog 
breeds selected for fighting as compared to runner breeds, with the former having 
relatively larger second moments of area at midshaft of their long bones and more 
circular cross-sectional shape (Kemp et al., 2005). A better built skeleton composed 
of short, stout limbs and muscles specialized for high force production would also 
result in heavier bones, thus having a negative impact on locomotor performance 
(e.g. Kemp et al., 2005). This would probably explain why B. suillus apparently has 
slower movements as compared to other subterranean species with higher levels of 
mobility. Nevertheless, additional studies are needed to test hypotheses related to 
locomotor performance and speed in bathyergids. 
As mentioned before, the cortical bone thickening in B. suillus occurs when 
individuals are 260-280 mm in BL (Fig. 3.7, 8), so just before the juvenile-subadult 
transition (age class 4; Hart et al., 2007). Based on Hart et al. (2007), this transition 
occurs in specimens of ~290 mm (BL) and 670 g (BM) (Fig. 3.8). Similarly, the first 
histological signs of cortical bone thickening are observed in older juveniles 
(Montoya-Sanhueza & Chinsamy, 2017), when individuals weigh ~450 g (Fig. 3.8). 
The femoral bone compactness of these juveniles is already higher than that of 
other adult cursorial mammals (see Montoya-Sanhueza & Chinsamy, 2018), thus 
indicating a relatively early onset of cortical bone adaptation. Since juveniles start 
digging at ~60 days and disperse when they are 60-65 days old, when they weigh 
~300 g (Bennett et al., 1991, 2009), modifications in bone microstructure occurs 
after their dispersal, and evidently after the onset of the digging activities. For this 
reason, it is difficult to associate the gains in bone mass with increased digging 
activities in this species. Other factors such as attainment of sexual maturity 
and/or genetic control could play a role in its development. The attainment of 
sexual maturity has been found to follow dispersion in social African molerats 
(Bennett & Faulkes 2000). In B. suillus, sexual maturity is hypothesized to happen 
when individuals are between 494-529 g, so after dispersion and before they reach 




coincides with the beginning of deceleration of somatic growth in B. suillus (Hart 
et al., 2007; Bray et al., 2012), most probably resulting from different factors such as 
increasing digging demands and reproduction-related energy allocation. Although 
our juveniles did not show signs of sexual maturity, some subadults already show 
them (Montoya-Sanhueza & Chinsamy, 2017). In general, the attainment of sexual 
maturity and the consequent action of sex steroid has been associated with 
significant modifications in skeletal shape (e.g. Moss-Salentijn, 1991; Taylor, 1991; 
Callewaert et al., 2009). In this study, some morpho-functional traits showed 
sexual differences (Table 3.2), while other traits tended to be higher in males 
(Table 3.4), indicating sexual dimorphism in B. suillus, which are not necessarily 
related to attainment of sexual maturity. Despite femora reaching higher bone 
compactness than the humerus, a systemic genetic regulation for bone thickening 
is more plausible rather than mechanical stimulation of a single limb (forelimb). 
Additionally, non-reproductive colony members born in captivity of the eusocial 
Heterocephalus glaber, still develop thick cortical bone walls before reaching sexual 
maturity (Pinto et al., 2010). This information suggests that genetic factors are 
more likely to influence the development of cortical bone thickening in Bathyergus 
and other bathyergids. In this sense, genetic and gender factors are known to be 
strong regulators of peak bone mass and bone mineral density (BMD) in rodents 
and other mammals (Beamer et al., 1996; Klein et al., 1998). Additional studies are 
needed to assess the processes underlying the regulation of cortical bone 
thickening in bathyergids. For now, it is not possible to make any strict link 
between such events and cortical bone adaptation, although the interaction of 
different behaviors at different ontogenetic stages (sparring and digging activities) 
may represent two separated sets of factors relevant for the normal development of 
the postcranial phenotype of Bathyergus. Furthermore, the ontogenetic 
morphological shift described here also explain the larger morphological 
differences found between juveniles and subadult-adults, and it may represent an 
important process for the maintenance of safety factors in these mammals that 
undergo significant strain regimes of their long bones during life (e.g. Blob et al., 
2014).  
To our knowledge, no previous studies have analyzed both internal and 
external anatomy simultaneously to understand the interrelationship between 
functional aspects and aging in subterranean/fossorial mammals. The complexity 
of these processes highlights the importance of defining the factors influencing 
specific bone architectures, especially identifying what traits are more susceptible 
to fluctuate under environmental conditions. 
 




FIGURE 3.8. Appearance of most notorious morphological specializations in Bathyergus 
suillus and the onset of relevant behaviors during ontogeny. The morphological shift is 
marked by decreased (epi)condylar growth and increased periosteal-endosteal bone 
appositions. Body mas and body length are represented by average values. Data based on 
Bennett et al. (1991, 2009), Hart et al. (2007), and Montoya-Sanhueza & Chinsamy (2017). 
 
3.4.3 Allometry and Modular Patterns of Long Bone Ossification 
Phenotypic modifications in the skeleton of B. suillus resulted from different 
growth trends of the periosteal and endochondral bone modules (Table 3.5, 3.6). 
The use of linear measurements and allometric relationships to quantify those 
patterns allowed us to understand how these relatively independent processes 
interact to attain the adult phenotype, as well as to hypothesize about the main 
adaptive processes occurring in this and other species. The allometric growth 
trajectories of B. suillus were mostly isometric in relation to body mass (BM) and 
body length (BL), and more variable when skull length (SKL) was used as a proxy 
of body size (Table 3.5). Although SKL seems to be relatively large in subterranean 
mammals, especially in chisel-tooth diggers (Nevo, 1999; Stein, 2000), our 
allometric analyses showed that relative skull size of B. suillus rather stabilizes its 
growth during ontogeny in relation to postcranial elements, making the growth 
trajectories of postcranial elements appear incremental when plotted against SKL, 
and thus resulting in a higher number of positive allometric trends (Table 3.5). For 
this reason, the use of SKL does not reflect appropriately the relationship between 
body size and the appendicular system in this species, since this cranial parameter 
rather overestimates the growth of the limbs. Similar results for SKL have been 
found in other subterranean species like C. talarum (Echeverría et al., 2014), 
although these authors did not assess other estimators of body size.  
The main contributors of the observed morphological changes are related 
to the relative reduction in size of secondary centers and (epi)condylar breaths. 
These structures are primarily determined by endochondral ossification, and later 
in life by a dual process of endochondral and appositional (periosteal) bone 
formation which extend to metaphyses and diaphysis (Hall, 1978; Moss-Salentijn, 
1991; Taylor, 1991). These traits showed negative allometries and therefore had little 
contribution to increased external skeletal robusticity in adulthood (Table 3.5). 
However, these features showed a more relevant contribution in perinatal and 
juvenile stages, where cartilaginous epiphyses and endochondral ossification 
played a fundamental role in developing anatomical structures (Fig. 3.6). Thus, the 




can be explained not only by the relatively stable bone elongation observed 
throughout ontogeny, but also by the low osteogenic contribution of epiphyseal 
bone modules (Table 3.5). Epiphyseal fusion also contributed to this matter, 
especially in the forelimb, which showed higher frequency of fused epiphyses 
(Table 3.6), indicating the cease of longitudinal growth at that particular end very 
early in ontogeny. The distal portion of the humerus fused quite early in ontogeny, 
while the olecranon (OL) in the ulna fused before than the distal epiphysis (Table 
3.6). This implies that the main growth directions for humerus and ulna are 
proximally and distally oriented, respectively. This is further supported by the 
lower rate of growth of the OL in the ulna as compared to the higher growth rate 
of the functional ulnar length (FUL) (Table 3.5). It is for this reason that the IFA 
index (relative size of the olecranon) decreases considerably during ontogeny (Fig. 
3.2). A different pattern has been observed in C. talarum (Echeverría et al., 2014), 
with the IFA increasing during ontogeny, most likely indicating a more balanced 
contribution of both epiphyses, and also suggesting a higher degree (or more time) 
of local bone adaptation. Such differences in intra-element growth dynamics 
provide the first insights on the modularity of a single long bone, and also explains 
the heterochronic differences observed between species, which suggest differential 
adaptive patterns due to phylogenetic and/or developmental constraints. Further 
research is required to solidify these conclusions, in particular the ossification 
sequences for the postcranial skeleton requires detailed examination for diverse 
subterranean species, which will enable comparison with comparative studies of 
heterochronic shifts in the postcranial skeleton among marsupials and placentals 
(Weisbecker et al., 2008; Wilson et al., 2010; Hautier et al., 2011; López-Aguirre et 
al., 2019). 
Other results obtained in this study are the tendency of periosteal modules 
(bone thickening) to show higher slopes (Table 3.5), and that endochondral 
modules (bone lengthening) showed higher coefficients of determination in 
comparison to the periosteal modules (Table 3.5). It is known that bone length and 
bone thickness (mineral density) in mammals are regulated by different genes 
(Beamer et al., 1996; Klein et al., 1998; Sarges et al 2011; Wongdee et al., 2012). These 
observations indicate that bone thickening is a fundamental process occurring in 
the long bones of B. suillus, and probably affected by several factors during early 
ontogenetic stages. These results also contrast with the reports for C. talarum 
where it seems that the endochondral modules are prioritized and elongate faster 
(Echeverría et al., 2014). In the mammalian skeleton, endochondral features such 
as cartilage morphology and limb length are also known to have a substantial 
genetic control which seems to be less affected by external influences as compared 
to intramembranous ossification (cortical thickening) (e.g. Eckstein et al., 2006; 
Sarges et al 2011). This suggests a stronger phylogenetic signal for the regulation of 
bathyergid limb length. Periosteal bone modules tended to be more variable 
during subadults stages (Table 3.2), probably related to several individual-level 
causes, including size at birth, variations in diet consumption, amount of digging 
activity, and variable hormonal effects associated to the attainment of sexual 
maturity (Hall, 1978; Moss-Salentijn, 1991; Taylor, 1991; Callewaert et al., 2009).  
Our analysis provides evidence of the decoupled nature of the bone 
modeling process within B. suillus. This is not unexpected since similar decoupled 
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patterns have been independently described for the modeling process of other 
rodents, as well as for the decoupled anabolic and catabolic activity within single 
bones (Lanyon, 1980; Wongdee et al. 2012; Rolian, 2008; Ausk et al., 2013). 
Modifications in the patterns of bone modeling represent the most likely 
phenomenon explaining the intraspecific variation in body and skull shape found 
in other bathyergid species (e.g. Klein 1991; Barčiová et al., 2009). For example, the 
skull morphology of African molerats exposed to different ecological and 
geographical factors, such as rainfall fluctuations and consequent changes in soil 
hardness will most likely result in phenotypic changes mediated by bone modeling, 
e.g. skull variation in Heliophobius argenteocinereus (Barčiová et al., 2009). 
Nevertheless, additional studies are needed to understand processes associated to 
local bone adaptation and mechanobiological stimulation and its effects on bone 
modeling (e.g. Carter & Beaupré, 2001; Robling et al., 2014). Besides providing a 
mechanistic explanation for the morphological modifications found in Bathyergus 
during ontogeny, the dynamics of the differential regulation of these bone modules 
could have important relevance for understanding the adaptive processes 
regulating the skeletal phenotype in subterranean mammals. As such, thick 
cortical bone walls represent a widespread adaptation of fossorial and 
subterranean mammals (see Montoya-Sanhueza & Chinsamy, 2017 and references 
therein), as well as their nonmammalian therapsid ancestors (Botha & Chinsamy, 
2004; Ray & Chinsamy, 2004), so understanding its variation could shed light on 
patterns of bone adaptation and speciation among these vertebrates. 
 
3.4.4 Limb Ratios in Subterranean Mammals: Implications for Locomotion 
Life in burrows imposes morphological constraints in animals, typically resulting 
in phenotypes with elongated cylindrical body shapes and short limbs (Eilam et al., 
1995; Eilam, 1997; Nevo, 1999, Stein, 2000). Behavioral experiments have also 
shown important modifications in their locomotor pattern due to postural 
challenges (Eilam et al., 1995; Horner et al., 2016). Many subterranean mammals 
have implemented backward locomotion as a recurrent behavior to principally 
remove soil out of the burrow (Stein, 2000). Thus, locomotion and soil transport 
are closely related activities that can be considered as a locomotor pattern in a 
dense medium (McNab, 2002). Although B. suillus expels soil primarily using their 
forelimbs (Hickman, 1985), they also move backwards inside burrows. Our results 
suggest a close relationship between locomotion and appendicular morphology. 
Eilam et al. (1995) studied the uphill locomotion of the head lift digger, 
Spalax leucodon ehrenbergi, and observed that, when moving backwards, they 
modify their gaits to a more lateral sequence (relative to the direction of 
progression). Lateral sequence gaits enable a more stable gait during locomotion 
(e.g., Gray, 1968), but this type of locomotion is not usually observed when 
terrestrial mammals walk backwards, because they do not re-accommodate their 
gaits. For this reason, when S. l. ehrenbergi performs backward lateral sequence 
gaits, it switches its hindlimb function, whereby these act as “forelimbs”. This kind 
of locomotion helps with the changes in weight distribution between the hind and 
forelimbs associated with moving the soil out of the burrow, either back or forward 




the new direction of progression, by keeping it the same (Eilam et al., 1995). 
Anatomically, this is facilitated by having symmetric limb proportions (IMI ~ 1) 
and elongated bodies, allowing equal bidirectional locomotion of the animal 
within burrows and emphasizing equal propulsive action of the fore and hindlimbs 
(Novacek, 1980). Although Eilam et al (1995) did not provide data on limb 
proportions for S. l. ehrenbergi, this species shows relatively high IMI (0.826) and 
intralimb ratios (BI = 0.809; CI = 0.979), as inferred from the anatomical 
descriptions made for this species elsewhere (Ӧzkan, 2002a, b). In this sense, more 
symmetrical intermembral indices (IMI) seems to represent an advantage for 
mammals living in burrows. Howell (1965) reported an IMI of 0.75 as the 
generalized condition for surface-dwelling (terrestrial) mammals, so that they 
generally have larger hindlegs than forelegs, with bipedal jumpers showing the 
lowest ratios (0.32-0.50). Adult individuals of B. suillus have on average 0.874 (♀ = 
0.857; ♂ = 0.891), with juveniles having a lower value (Table 3.2; Fig. 3.2), so that 
forelimbs are longer (or hindlimbs shorter) as compared to the hypothetical 
normal condition of other surface-dwelling mammals. This is also accompanied by 
having relatively similar adult BI (0.898) and CI (0.914) values, so that the 
stylopodial to zeugopodial ratio is also relatively equal. A relatively symmetrical 
intermembral index has also been observed in adults of other semifossorial 
mammals that build and spend considerable time in burrows such as the cricetid 
voles Microtus socialis (0.85) (Eilam, 1997), the small eulipotyphlan Solenodon (≈ 
0.88) (Novacek, 1980), and canids, where the index varies from 0.83 to 0.94, with 
Speothos venaticus showing the maximum value (Howell, 1965). Although Speothos 
venaticus has a semifossorial lifestyle, they do not excavate their own burrows 
(Beisiegel & Zuercher, 2005). Other mammals with more cursorial locomotor 
patterns also show high IMI at birth, but their adults show a drastic divergence in 
their proportions (Eilam et al., 1997). Consequently, the high IMI found in B. 
suillus and other fossorial mammals may not represent a fossorial adaptation for 
excavation per se, but an additional morphological specialization for bidirectional 
locomotion in burrows and narrow spaces. This phenotype probably appeared 
several times in mammalian lineages due to different causes, as has been 
hypothesized for the primitive condition of eutherians with a “unspecialized” 
ambulatory mode of locomotion (Novacek, 1980). This adaptation has also been 
observed in the fossil record, i.e. among early (Triassic) cynodonts such as 
Galesaurus planiceps and Thrinaxodon liorhinus, which have been found associated 
with burrow systems (Jasinoski & Abdala, 2017). Thus, our results provide novel 
information on the development of this fossorial adaptation in a truly 
subterranean mammal, which has further implications for understanding the 
paleobiology and biomechanical interpretations of nonmammalian therapsids and 
basal mammaliaforms.  
 
3.5 CONCLUSIONS 
Bathyergus show two different skeletal phenotypes associated with the increased 
ability to dig, but also to fight and for defense. An overexpressed external 
phenotype in early life may compensate for a less skilled digging ability, as well as 
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incompletely ossified epiphyses in juveniles. A slender but better built bone 
microanatomy may increase bending resistance for extensive burrow building 
during adulthood. This morphological shift during ontogeny reveals for the first 
time the developmental interaction between external anatomy and bone 
microanatomy. Thus, postnatal skeletal development in Bathyergus, and probably 
other subterranean vertebrates, involves a complex interaction between bone 
design, function and behavior, which are mediated by modular patterns of bone 
modeling. Intrinsic factors regulating the onset and direction of such processes are 
probably determining both endochondral and periosteal modules, although other 
factors such as gender, growth factors, hormones and environmental cues seems to 
have an important impact on intramembranous ossification. Local adaptation 
through mechanobiological sensing is most likely a secondary aspect of bone 
phenotyping in Bathyergus, mainly to give form to smaller features of the skeleton. 
This study also showed that changes in morpho-functional indices can be 
explained by modifications in growth trends of different bone modules 
(endochondral vs periosteal), as well as to the differential effects of epiphyseal 
closure, thus providing new adaptive interpretations for understanding 
morphological variation among species. Nevertheless, additional studies including 
a wider taxonomic sampling are needed to assess the magnitude of these 
observations. Ontogenetic analysis of natural populations and the inclusion of 
multiple levels of structural organization are thus demonstrated to be essential to 
answer complex questions about functional skeletal development and adaptation 
in mammals. Allometric trajectories also represent a powerful tool to quantify such 
complex processes, and suggest that certain proxies of body size based on cranial 
features (i.e. SKL) may overestimate growth trajectories of postcranial elements in 
this and other fossorial and subterranean species. Since skull length is widely used 
in studies of comparative anatomy and paleobiology, interpretations of postcranial 
growth patterns based on cranial features must be taken cautiously.  
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CHAPTER 4   
 
Functional Anatomy and Disparity of the 
Postcranial Skeleton of African Mole-Rats 
and the special case of naked mole-rats 
 
 
"To-day the natives brought into camp a curious little creature, a sort of Mole, length 4 ½ 
inches, skin bare, with a few stiff hairs. Tail like that of a Hippo. Its toes armed with bristles, 
and its teeth like those of a Walrus. On being placed on the ground it commenced to dig 
furiously, using its teeth to loosen the earth with; its eyes were tiny, and its ears simply holes 
in the sides of its head." 
 
E. Lort Phillips, 1885 
FIRST WESTERN SIGHTS OF FARUMFERS (NAKED MOLE-RATS) 
 
4.1 INTRODUCTION 
Most studies in ecomorphology and diversity of the mammalian postcranial 
skeleton have focused on terrestrial cursorial groups, and have usually been based 
on only a few specimens. In general, these studies have shown that disparity (i.e. 
morphological diversity) in mammals is highly variable (e.g. Vianey-Liaud et al., 
2015); López-Aguirre et al. 2018; Sansalone et al., 2019), even when comparing at 
intraspecific levels (e.g. Wayne, 1986). These studies have mainly tried to reveal the 
macroevolutionary patterns and causes of morphological variation such as 
speciation and radiation (e.g. see Jones & Safi, 2011 and references therein; Cox & 
Hautier, 2015). However, little is known about the phenotypic variation within 
more constrained phylogenetic brackets such as within families (e.g. Sansalone et 
al., 2018). The integration of different levels of structural organization (i.e. cellular, 
tissular, organs) at which these morphological changes occur (see Enlow, 1969; 
Shea, 1993; Zelditch, 2005; Minelli, 2015) can provide novel insights. For example, 
recent studies assessing skeletal homeostasis and bone growth dynamics of some 
mammal species have shown that there is a wide variation in the patterns of bone 
modeling among them (e.g. Doherty et al., 2016; Montoya-Sanhueza & Chinsamy, 
2017). This indicates that certain physiological regulators of bone development can 
vary at species-specific level, and most probably also within families and orders. 
Moreover, it is not completely known how certain environmental (e.g. sunlight 
exposure or hypercapnic - high CO2 conditions) and behavioral factors (e.g. 
locomotor modes) affect the growth of skeletal elements, and whether those 
factors have the same effects in all organisms (e.g. cursorial vs. subterranean 




reproductive and social strategies will contribute significantly to understanding 
the causes and mechanisms of morphological change. 
There is an extensive literature reporting the morphological adaptations of 
fossorial and subterranean taxa, such as in the South American ctenomyids rodents 
(Vassallo, 1998; Stein, 2000; Elissamburu & Vizcaíno, 2004, and references therein) 
and dasypodid armadillos (Vizcaíno et al., 1999; Vizcaíno & Milne, 2002, and 
references therein). These studies have demonstrated a strong correlation between 
anatomical structures and specific digging strategies (Lindstedt & Swain, 1988; 
Lessa & Thaeler, 1989), although it is unknown how different ecological settings 
(e.g. solitary or social life) affects the selection of certain structures, especially 
considering the different burrowing efforts performed by individuals in colonies. 
The study of bathyergid anatomical adaptations and fossoriality are fundamental 
to understand such aspects.  
Since African mole-rats show a wide range of social systems and use 
different anatomical structures to dig soils, it is expected that their skeletal 
morphology will differ among species. The main objective of this study is to 
determine such morphological diversity (disparity) in adults, specifically aiming to 
determine which anatomical features of the appendicular system are shared 
between species, and how these are related to their specific social behaviors, 
digging strategies and locomotor ability. In this study, it is hypothesized that the 
type of social strategy observed in bathyergids influence the morphology of their 
appendicular skeleton, since a cooperative lifestyle would compensate for 
individual optimization of anatomical structures for burrow construction. Thus, it 
is expected that solitary species (Heliophobius, Georychus and Bathyergus) will 
show a more specialized (“morphologically divergent”) appendicular anatomy as 
compared to social species (Heterocephalus, Fukomys spp. and Cryptomys), which 
will have a more generalized or simplified limb morphology. Additionally, it is 
expected that scratch-digging species like Bathyergus will show a higher degree of 
morphological specialization in their limbs as compared to chisel tooth digging 
taxa (Heterocephalus, Fukomys spp., Cryptomys, Heliophobius and Georychus), due 
to higher anatomical specialization to maximize scratch-digging behavior (i.e. soil 
breakup).  
 
4.2 MATERIAL AND METHODS 
4.2.1 Specimens, Maturity and Samples 
A total of 244 specimens pertaining to seven species and six bathyergid genera 
(Bathyergus, Heliophobius, Georychus, Cryptomys and Fukomys) were analyzed 
(Appendix 4.1). The sample comprises only adult specimens of both sexes. It has 
been reported that bathyergids show a delayed tooth eruption sequence, and the 
last cheek teeth do not erupt until after sexual maturity (Gomes Rodrigues et al., 
2011; Berkovitz & Shellis, 2018). Thus, in this study maturity was defined as 
individuals having full -alveolar- eruption of all upper or lower molars. Almost all 
genera have four molars, although Heterocephalus has three (sometimes two) and 
Heliophobius has supernumerary molars (4-6) with continuous horizontal 
replacement during life (Hamilton, 1928; Taylor et al., 1985; Bennett et al., 1990; 
Jarvis & Sherman, 2002; Hart et al., 2007; Gomes Rodrigues et al., 2011; Gomes 
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Rodrigues & Šumbera, 2015). Unfortunately, no comprehensive descriptions of the 
eruption sequence for these taxa are published. For this reason, in H. glaber, only 
specimens with three fully erupted molars were selected and analyzed. In H. 
argenteocinereus, the third molar erupts after the second month of life and the full 
check teeth (four molars) are already developed at two years old (Gomes Rodrigues 
et al., 2011). Additionally, specimens were also selected based on gross 
morphological features indicating a mature body size, like well-developed limbs 
showing at least fully developed secondary centres of ossification at epiphyses and 
a fused distal epiphysis of the humerus (see fused epiphysis in long bones in Fig. 
4.2.2 of Ch. 2,). The majority of the specimens were wild-caught, although some 
individuals of F. damarensis, and all individuals of H. glaber are from captive 
colonies (Appendix 4.1). These aspects are addressed in the discussion. 
 
4.2.2 Limb Bones, Measurements and Morpho-Functional Indices 
Stylopodial (femur and humerus) and zeugopodial (ulna and tibia-fibula) elements 
from either the right or left side of the individual were dissected and skeletonized 
(see Ch. 2). The general anatomy of each bone was compared among species 
following the anatomical nomenclature provided in previous works (e.g. Salton & 
Sargis, 2008; Dagosto et al., 2008; cites). The main features of the limb bone 
anatomy of African mole-rats are schematized in Figures 4.1-4.4.  
A total of 16 linear measurements including lengths and midshaft diameters 
of limb bones were taken (Echeverría et al., 2014; Montoya-Sanhueza et al., 2019). 
All measurements were recorded to the nearest 0.01 mm using a digital calliper. 
From linear measurements, 17 functionally important indices were calculated 
following previous studies (e.g. Echeverría et al., 2014; Wilson & Geiger, 2015), in 
particular the one in Ch. 3 (Montoya-Sanhueza et al., 2019), which presented a 
corrected version of several functional indices to appropriately assess adaptations 
to fossoriality. These functional indices represent the main aspects of bone shape 
at the diaphyseal, proximal and distal portions of the bone, as well as represent the 
mechanical advantages of the principal muscles related to limb function. Some of 
these indices like BI, CI and IMI represent limb proportions and therefore reflect 
locomotor advantage. Except for one index (TJI, see below), all other indices are 
fully described in Ch. 3 (Montoya-Sanhueza et al., 2019).  
The tibio-fibular junction index (TJI) is an additional index developed in 
this chapter, and represents the distance of the proximal articular surface to the 
distal tibio-fibular junction (Fig. 4.4). This feature is described as percentage in the 
Ch. 3 (Montoya-Sanhueza et al., 2019), and modified herein so that lower values 
(i.e. a more proximal fusion of the tibia and fibula) would suggest a longer bony 
base for the muscles acting on the paws. This would increase resistance for 
bending and torsional loads in animals that sustain relatively higher biomechanical 
activity against the substrates, for example during soil excavation (Carleton, 1941; 
Stein, 2000; Silva et al., 2005). 
Although Hill et al. (1957, p. 482) mention that “There is a strong deltoid 
crest” in H. glaber, in this study the deltoid tubercle in H. glaber is considered to be 
poorly developed and almost indistinguishable from the shaft. The reason for such 




it is briefly addressed here. The “official” term used for this feature is “deltoid 
tuberosity”, as for humans (Terminologia Anatomica, FCAT, 1998) and other 
mammals (Nomina Anatomica Veterinaria, ICVGAN, 2017), although additional 
information about the morphological variation of this feature among different taxa 
is not provided. Several studies refer to this feature as tubercle, crest, ridge or 
process, without proper definition of the terms and the differences among them 
(K. Rose 2019, pers. comm.). Considering the variation found among bathyergids, 
as well as the wide variation of deltoid characteristics in mammals (e.g. Davis, 
1964; Sargis & Dagosto, 2008), from presence to absence, or from local 
development to extensive occurrence through the diaphysis, in the current study 
distinction is made between a deltoid tubercle/process and a deltoid crest/ridge. 
Here, a tubercle or process represents a conspicuous protrusion of bone extending 
from the diaphysis, as observed in most bathyergids (Fig. 4.1) and many other 
fossorial rodents (Hildebrand, 1985; Stein, 2000). In comparison, a crest or ridge 
represents a line or extended surface in the diaphysis of the bone associated with 
an extended muscular insertion but does not form a localized protuberance from 
the diaphysis, e.g. as seen in some tubulidentates, mustelids, tenrecids and 
solenodontids (Lehmann et al., 2006; Rose et al., 2014; Sargis & Dagosto, 2008). 
These features are not mutually exclusive and a deltoid ridge would also be noticed 
at the proximal origin of a deltoid tubercle, and it can be more marked in some 
species than in others (Fig. 4.1). Armadillos show an intermediate level of 
development of this feature since its protrusion is quite conspicuous but also 
proximally extended throughout the diaphysis due to an extended deltoid ridge, 
making it difficult to determine its proximal origin. In this sense, H. glaber rather 
shows a deltoid ridge and lacks a developed deltoid tubercle, although some 
specimens show a small protuberance in the midshaft, which is considerably 
undifferentiated, not permitting a clear measurement of its extension (Fig. 4.5). 
The deltoid ridge of H. glaber is very similar to that described by Davis (1964) for 
the giant panda (Ailuropoda melanoleuca), which begins immediately below the 
posterior end of the greater tubercle in the posterolateral surface of the shaft, and 
near the midshaft it arches across the anterior surface. Because H. glaber lack a DP, 
the RDP index was not calculated for this species. Moreover, since this species does 
not fuse the tibia and fibula, the TRI, TRI* and TJI were also not calculated for this 
taxon. All specimens analyzed here are housed in the Department of Biological 















FIGURE 4.1. Humeral anatomy of Georychus capensis. Left humerus of a large male 
specimen #290 in anterior (A), posterior (B) and lateral (C) view. 
 
FIGURE 4.2. Ulnar anatomy of Georychus capensis. Left ulna in anterior (A) and lateral (B) 





FIGURE 4.3. Femoral anatomy of Georychus capensis. Left femur in anterior (A) and 
posterior (B) view. See specimen details in Fig. 4.1. 
 
FIGURE 4.4. Tibio-fibular anatomy of Georychus capensis. Left tibia-fibula in anterior (A) 
and medial (B) view. See specimen details in Fig. 4.1. 
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4.2.3 Ecomorphological Groups  
In order to assess the effects of a specific subterranean lifestyle on bone phenotype, 
three ecomorphological groups that account for the main ecological and 
behavioral features of different bathyergid species were created in this study. These 
groups are based on a combination of their social organization (solitary vs. social 
species) and digging strategy (scratch-diggers vs. chisel-tooth diggers) (Sherman et 
al., 1991; Bennett & Faulkes, 2000; Begall et al., 2007), and are classified as: i) 
solitary scratch-diggers, ii) solitary chisel-tooth diggers, and iii) social chisel-tooth 
diggers (Appendix 4.1). Note that the hypothetical group of “social scratch-diggers” 
was not defined since there are no bathyergid species reported with such 
combination of traits.  
 
4.2.4 Sexual Dimorphism 
Since sex differences are known to affect the growth trajectories and morphology 
of species (e.g. Klingenberg 1996, pp. 34), sexual dimorphism in body mass and 
morpho-functional indices were also assessed. Bathyergids show different levels of 
body size sexual dimorphism. Among solitary species, B. suillus and H. 
argenteocinereus exhibit male-biased sexual dimorphism (Šumbera et al., 2003; 
Hart et al., 2007), with the former showing the most remarkable degree of sexual 
dimorphism (Hart et al., 2007), while G. capensis is monomorphic (Taylor et al., 
1985; Bennett & Faulkes, 2000). The social genera, C. hottentotus, F. damarensis 
and F. mechowii also show male-biased sexual dimorphism (Davies & Jarvis, 1986; 
Burda & Kawalika, 1993; Scharff et al., 1999; Bennett & Jarvis, 2004; Bennett & 
Burda, 2013; Thomas, 2013), although Bennett (2013) mentions that there is no (or 
very little) dimorphism for C. hottentotus. Naked mole-rats are considered 
monomorphic, although it is known that sexual maturity and reproduction have 
strong effects on females, which result differing from the rest of the colony 
members by developing elongated bodies (O’Riain et al. 2000; Dengler-Crish & 
Catania, 2007, 2009). This does not necessarily mean that queens weigh more 
(O’Riain, 1996; Bennett & Faulkes, 2000).  
 
4.2.5 Statistical procedures 
Sex differences. Considering that some species have been reported to 
show subtle differences between sexes (e.g. Bennett & Faulkes, 2000; Šumbera et 
al., 2003; Bennett (Happold, 2013), and that only Bathyergus has a marked 
dimorphism (Bennett & Faulkes, 2000; Hart et al., 2007), it is likely that the pattern 
of sexual dimorphism in bathyergids may be obscured by different reasons, 
including their particular status within the colony and the cohort (Bennett & 
Faulkes, 2000). Additionally, this pattern can be biased and represented by only 
few specimens within the population, especially in reproductively skewed species 
like social mole-rats (Faulkes & Bennett, 2009). For this reason, intraspecific 
comparisons to assess sexual dimorphism in body mass (BM) were carried out by 
using the median as the measure of central tendency. This measure emphasizes the 
common tendency among individuals without being influenced by the extreme 




functional indices were assessed by non-parametric two-tailed (Wilcoxon) Mann-
Whitney U tests for equality of medians. Descriptive statistics of BM (mean ± SD) 
are presented in Table 4.1 for all species, as well as box plots (median ± 25-75% 
quartiles) of only statistically significant functional indices are also presented (Fig. 
4.8; Appendix 4.2). 
 
TABLE 4.1. Descriptive statistics and Mann-Whitney U-test of sexual dimorphism in body 
mass (BM) for bathyergid species analysed in this study. Species with male-biased sexual 
dimorphism are indicated with a male ♂ symbol (see references in text). Significant results 
(p < 0.05) are indicated with an asterisk. 
 
Multivariate analysis. A series of multivariate analysis of variance 
(MANOVA) coupled with Tamhane post hoc tests were carried out to assess 
interspecific differences in morpho-functional indices. Forelimb and hindlimb 
morphologies were assessed separately to reduce issues concerned with multiple 
testing and high number of variables in the MANOVAs. This also helped to 
determine specific differences associated with one limb only. All MANOVA 
showed violations of the assumption of equal variances between samples. For this 
reason, both Wilks’ lambda and Pillai trace statistics are provided, because the 
latter test is more robust under violations of homoscedastic covariance (Quinn & 
Keough, 2002). Nevertheless, to test if homoscedasticity of the sample could be 
recuperated, the data were log10 transformed without improvement. For this 
reason, the MANOVAs were carried out using the indices without transformation. 
Graphs (bar charts) were prepared for all indices and show mean (central point), 
standard error (shorter whiskers) and standard deviation (longer whiskers). 
Whisker length was calculated with one-sigma (Hammer et al., 2001). The results 
of the post hoc tests are included in Figure 4.9. 
Ordination analysis of morpho-functional indices. Both Principal 
Component Analysis (PCA) and Discriminant Analysis (DA) were performed to 
identify the major components of variation among the seven species and three 
ecomorphological groups, respectively (Wilson & Geiger 2015, and references 
therein). One important aspect implemented in this study is the introduction of 
novel ecomorphological categories for the analysis of the effects of different 
fossorial lifestyles on the appendicular phenotype. These were assessed by DA, 
which produces linear combinations of variables (canonical variates) that best 
separate a priori defined groups, based on maximizing differences between those 
groups and reducing their within-group differences. The DA was also used to 
estimate whether specimens could be classified into a defined ecomorphological 
U-test p
B. suillus♂ 23 798.870 ± 282.637 16 1141.81 ± 370.43 91.0 0.008*
H. argenteocinereus♂ 16 173.16 ± 51.31 12 177.453 ± 55.965 93.0 0.908
G. capensis 33 179.559 ± 61.777 15 152.90 ± 60.07 170.5 0.089
F. mechowi♂ 8 157.075 ± 93.280 5 270.12 ± 117.35 10.0 0.164
F. damarensis♂ 9 86.549 ± 33.590 10 140.00 ± 47.90 13.5 0.011*
C. hottentotus♂ 13 58.550 ± 13.115 19 74.63 ± 23.55 73.0 0.055




Mann-WhitneyMean ± SD (BM)
N N
Mean ± SD (BM)
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group. As no considerable sex-related differences were found among the morpho-
functional indices (Appendix 4.2), the ordination analyses (PCA and DA) were 
carried out combining males, females and specimens of unknown sex. 
The main questions addressed by the PCA and DA are: i) what variables 
contribute most to species differentiation for the forelimbs and hindlimbs 
independently, and ii) can bathyergid species be correctly classified a priori into 
defined ecomorphological groups, respectively. The PCA used separated datasets 
for forelimbs (n = 244) and hindlimbs (n = 217), and only specimens with a 
complete set of measurements (for forelimb or for hindlimb) were considered in 
the analyses. For the DA, a combined dataset of specimens with a full record of 
both forelimb and hindlimb indices (n = 216) was carried out. This reduced 
considerably the total number of individuals analyzed, although still showed a 
good representation of individuals per species.  
Because some indices were lacking for H. glaber, separated PCAs and DAs 
were performed: i) a dataset including all species, but excluding the indices not 
present in H. glaber (i.e. RDP, TRI, TRI* and TJI), and ii) a dataset including all 
indices, but excluding H. glaber. All analyses and plots were performed in 
Microsoft Excel (2010), PAST version 2.17c and IBM SPSS version 25 (IBM, 2017) 
Statistical Package for Social Sciences. The algorithm to assess the correlation 
matrix for the PCA was the “variance-covariance”, since all the linear 
measurements used to build the indices were originally measured in the same unit 
(mm). Variables were analyzed to highlight between group (species) differences. 
 
4.3 RESULTS 
4.3.1 Functional Morphology 
The general anatomy of all limb bones in bathyergids showed typical features 
associated with fossoriality, i.e. presence of a well-defined deltoid tubercle, wide 
epicondyles, elongated olecranon processes and distal fusion of the tibia and 
fibula. However, the phenotype of the humerus, tibia and fibula of naked mole-rats 
(H. glaber) differed from that of other bathyergids. The following anatomical 
comparisons focused mostly on such bones. At intraspecific level, H. glaber also 
showed differences in the femur, tibia and fibula. For these reasons, the anatomical 
description of H. glaber is relatively more exhaustive, and directly discussed in this 
section considering early descriptive works made on wild-caught specimens of this 
species (e.g. Hill et al., 1957).  
 
4.3.1.1 Humerus (Fig. 4.5) 
All bathyergid humeri showed typical adaptations to scratch-digging habits. In 
general, the shape of the humerus is stouter in comparison to surface-dwelling 
rodents (Samuels & Van Valkenburgh, 2008). In the proximal region, the humeral 
head is quite large and hemispherical (ellipsoid) with its longer proximo-distal axis 
oriented slightly distally towards the lateral aspect of the bone. In lateral/medial 
view, the humeral head is highly convex in all species, although H. glaber showed a 
more flattened humeral head. This feature has also been observed in wild-caught 
naked mole-rats (Hill et al., 1957). The humeral head is generally slightly higher in 




at similar height to the greater tubercle. The greater tubercle is always larger than 
the lesser tubercle. The intertubercular groove is well developed in all species. 
The diaphysis is relatively straight in both anteroposterior and mediolateral 
views, and thickens towards the proximal and distal parts of the bone. In anterior 
view, a very well-developed deltoid tubercle appears relatively far from the 
shoulder joint, except in H. glaber where this trait is absent. The proximal origin of 
the deltoid tubercle starts under the greater tubercle and extends downwards 
through the diaphysis creating a marked deltoid crest (“ridge” in Holliger, 1916). 
Hill et al. (1957) also mentioned a strong deltoid crest in H. glaber, but there is not 
detailed description of this feature. In H. glaber, a pectoral crest is also observed 
running all the way down through the lateral side of the shaft, and joining with the 
deltoid crest at the midshaft. In the rest of the bathyergids, the deltoid tubercle is 
latero-distally oriented, which differs from other fossorial species such as 
ctenomyids in which the process appears to be oriented at right angles to the 
longitudinal axis of the bone (e.g. Lessa et al., 2008; Morgan et al., 2015). In the 
posteromedial side, at the level of the proximal origin of the deltoid tubercle, the 
teres tuberosity (tuberositas teres major) appears in all species, although seems to 
be less conspicuous in G. capensis. The marked humeral torsion of this bone is 
clearly observed in posterior view. This is defined by a line that diagonally crosses 
the midshaft, from the humeral head to the lateral area of the bone, giving rise to 
the lateral epicondylar crest (crista supracondylaris lateralis). Despite some 
interspecific and intraspecific differences, this crest is poorly developed in 
bathyergids as compared to other fossorial mammals such as armadillos 
(Hildebrand, 1985; Stein, 2000). The mediolateral diameter of the distal diaphysis 
(below the deltoid tubercle) is quite thick in all species, except in H. glaber where 
it is rather the narrowest point of the diaphysis. As described for wild-caught 
specimens of H. glaber, this region and its articular extremity are relatively weak 
(Hill et al., 1957). Nevertheless, all species showed a relatively thick development of 
the epicondyles, especially the medial epicondyle, which is sometimes oriented 
downwards in some species and individuals (F. damarensis and H. glaber). The 
lateral epicondyle is well developed and associated with the lateral epicondylar 
crest, although B. suillus showed a smaller development of this crest. All species 
showed a well-developed supratrochlear fossa, which is sometimes resorbed and 
forms the supratrochlear foramen. The topography of the distal humerus of H. 
glaber is less marked and shows a more even surface, probably as a result of a lesser 
degree of muscular and tendon attachments. Hill et al. (1957) mentioned that the 
olecranon (trochlea) and coronoid fossa are distinct and that there is an additional 
small, rounded but deep (capitellar) fossa on the posterior surface of the medial 
epicondyle. In this study, it was observed that the trochlea and capitulum of all 
species were well-defined and similar in form and size, although it was less defined 
in H. glaber. As noted in previous studies (e.g. De Graaff, 1979, 1981), none of the 
specimens studied here showed an entepicondylar foramen in the distal humerus. 
As mentioned previously, in H. glaber the most conspicuous difference with 
the rest of the bathyergids was the lack of the protuberant deltoid tubercle. Other 
mammals that exhibit a marked difference in the development of the deltoid 
tubercle at family level is found in the orycteropodids (Tubulidentata). The only 
extant orycteropodid species, the aardvark Orycteropus afer is a highly fossorial 
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mammal with a marked deltopectoral tuberosity, although some fossil relatives 
have a superficial development of this feature (Lehmann et al., 2006). Lehmann et 
al. (2006) described the postcranial anatomy of the extinct O. abundulafus and 
emphasized the rather slender humerus in comparison to O. afer, and noted the 
absence of a projected deltoid tubercle with a thinner midshaft. These 
observations show that despite the strong developmental regulation of diaphyseal 
tuberosities and superstructures suggested for long bones (Hall, 1978; Stern et al., 
2015), marked interspecific differences within some mammalian clades can also be 
observed.  
Another difference of H. glaber was the cross-sectional shape of the 
humerus at the midshaft. In most bathyergids, the diaphyseal bone geometry at 
the midshaft is triangular, with the anterolateral region showing a pointy 
projection due to the presence of the distal origin of the deltoid tubercle. In H. 
glaber, the diaphysis is highly compressed, forming a rather semi-triangular 
(ellipsoidal) diaphyseal cross-sectional shape (see Fig. 6.1 in Ch. 6). Thus, the cross-
sectional morphology of the humerus in naked mole-rats is rather ellipsoidal when 
compared to other bathyergids and this is most likely a result of the lack of a 
deltoid tubercle, although the major axis of the bone is still oriented 
anterolaterally in all bathyergids. 
 
4.3.1.2 Ulna (Fig. 4.5) 
The anatomy of the ulna in bathyergids is also typical of a fossorial mammal, i.e. it 
is relatively robust and larger than the humerus, but not to the same extent as 
other terrestrial and cursorial mammals (Howell, 1965). The most distinctive 
feature is the elongated olecranon. In lateral/medial side view, below the 
olecranon, the diaphysis reaches its major anteroposterior thickness, which 
decreases distally. Both the anconeal process and the medial coronoid process are 
well-developed. The former rises perpendicularly to the longitudinal axis of the 
bone, while the latter orientates diagonally to the distal portion of the bone 
forming a ~45° angle with the longitudinal axis of the bone. This probably 
facilitates a maximal flexion and extension of this bone with the humerus. In the 
lateral view, there is a conspicuous sulcus beginning just below the trochlear notch 
and extending to the midshaft. At this point of the diaphysis, a conspicuous scar 
for the interosseous ligament appears in the anterior region. The midshaft region 
seems to be wider in H. glaber as compared to other species. 
In anterior view, the ulna appears relatively straight in some specimens, 
although a slight curvature can appear in others, thus forming a concave medial 
side. This is accentuated when the tip of the proximal epiphysis tends to project 
internally (medially). Many specimens of H. glaber showed a very curved ulna. In 
anterior view, the olecranon also shows a wide surface behind the anconeal 
process, where a nutrient foramen is sometimes observed (Fig. 4.2). This surface is 
considerably larger in B. suillus as compared to other species. A conspicuous aspect 
observed in all bathyergids is that the anteroposterior diameter of the midshaft is 
thicker as compared to the mediolateral diameter, which probably accounts for a 
higher anteroposterior sectional area to withstand higher magnitudes of bone 
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4.3.1.3 Femur (Fig. 4.6) 
All species showed similar femoral shape, although some differences in diaphyseal 
robusticity were observed. In the proximal portion of the bone, all species showed 
a circular femoral head with a conspicuous femoral neck, so the neck and 
trochanters were clearly demarcated. However, H. glaber had a more 
hemispherical femoral head (Hill et al., 1957) and a shorter femoral neck. Some 
specimens even showed fused ossification centers of the greater trochanter and the 
femoral head. This is probably the result of a reduced femoral neck, which reduces 
considerably the area between the femoral head and the greater trochanter (but 
see below). The greater trochanter is located at similar height as the femoral head 
in all species. The lesser trochanter is quite similar in position and size in all 
species, and it is located lower than the femoral head. Larger species showed a 
deeper trochanteric fossa, whereas smaller species showed a more superficial fossa. 
However, all species have a similar development of the intertrochanteric crest in 
terms of shape and size. The shape of the third trochanter varies between species: 
it covers a wider surface in solitary species, and tends to be more localized in social 
species, making it appear less differentiated. This results in solitary species having 
a longer extended third trochanter, which originates from the bottom part of the 
greater trochanter and results in the formation of the gluteal crest (ridge). The 
midshaft is considerably wider (mediolaterally) in all species and flattened in the 
anteroposterior direction, although some interspecific/intraspecific variation can 
be observed. In H. glaber, the anteroposterior section is highly compressed, which 
was also reported for wild-caught specimens (Hill et al., 1957). The diaphysis is also 
straight when observed in lateral/medial view. In anterior view, the diaphysis is 
internally (medially) curved with respect to the proximal epiphysis. This is 
probably related to the internalization of the limbs of subterranean mammals with 
respect to the middle line of the body, i.e. the limbs tend to be closer to the mid-
plane of the body in burrowing animals, so the limbs do not become an obstacle 
when locomoting within burrows. This is also observed in the position of the fore- 
and hindfeet which are internally oriented to reduce contact with the walls of the 
burrow, thus enhancing locomotor performance (see Ch. 3, Montoya-Sanhueza et 
al., 2019). The distal femur shows a wide epicondylar region and a wide patellar 
surface without showing the typical femoral patellar groove observed in other 
surface-dwelling mammals (e.g. Szalay & Sargis, 2001). In general, both epicondyles 
project externally at a similar degree. In posterior view, some differences between 
species can be observed for the distal region of the femur. Both condyles are 
similar in size and shape (circular) in social species, whilst solitary species show a 
more irregular or ellipsoidal medial condyle, which is also slightly bigger than the 
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4.3.1.4 Tibia-fibula (Fig. 4.6) 
All bathyergids showed a proximal and distal fusion of the tibia and fibula, except 
H. glaber in which the bones are not fused distally, but proximally. Previous 
studies have noted the fused condition of the proximal tibial and fibular epiphyses 
in bathyergids (Patterson & Upham, 2014 and references therein). However, 
although the latter authors mention that the general condition among 
Bathyergoidea is a distal fusion of the tibia and fibula (see also De Graaff, 1971), the 
present study shows for first time that this feature in naked mole-rats differs from 
the generalized –fused– condition found in other bathyergids. Hill et al. (1957) 
reported the individuality of tibia and fibula in H. glaber, but they did not mention 
that such condition differs from other bathyergids. In H. glaber, the fibula 
approaches to the tibia but without fusing to it, although there is a syndesmotic 
joint in the lowermost region of these bones (Fig. 4.7). Thus, the joint is sustained 
by connective tissue most likely similar to an interosseous ligament which also 
allows mobility (Carleton, 1941). The soft tissue nature of this connection was 
evidenced after dissection and skeletonization of both elements by bacterial 
activity which resulted in the separation of both elements. Extraordinarily, some 
specimens of H. glaber (3) in this study did show distal fusion of such bones (Fig. 
4.7). The fusion was not evidently related to any pathology, although the individual 
#072 had an extremely thick tibia and fibula, and showed extreme resorption of the 
humeral midshaft, as well as epiphyseal femoral bone resorption. Similar 
osteopetrotic condition was observed in the tibia of one specimen of F. mechowii 
(#218, Fig. 4.7), although the rest of the long bones of the same individual did not 






FIGURE 4.7. Tibial and fibular anatomy in Bathyergidae. A) Detail of the tibia and fibula of 
naked mole-rats (Heterocephalus glaber) and intraspecific variation showing fusion of these 
bones. The specimen on the left shows unfused (normal) condition, with post-
skeletonization separation of bones. In the middle, a second specimen with normal 
condition showing both bones in anatomical position where a distal tibio-fibular 
syndesmosis (non-ossified) maintain the bones together. On the right, an individual 
showing non-pathological distal fusion of tibia and fibula. B) Two specimens of Fukomys 
mechowii showing a normal (left) and a pathological condition (right), probably related to 
some kind of localized intralimb osteopetrosis. 
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4.3.2 Sex Differences of Morpho-Functional Traits 
Few significant differences were found between sexes for morpho-functional 
indices (Fig. 4.8). Solitary species (i.e. B. suillus, G. capensis) and H. glaber showed 
differences principally in the forelimb, while social species showed differences in 
the hindlimb (tibia) (Fig. 4.8). In this study, only H. argenteocinereus did not show 
sex differences in any functional traits. Despite the sexual dimorphism reported for 
social species in previous studies (e.g. F. mechowii, F. damarensis, C. hottentotus), 
the results obtained here were non-significant for such species. This means that 
the sample used in this study is biased or too small to show such differences.  
The females of B. suillus have higher HRI and EIh as compared to males, 
although this could be an artefact of the non-normally distributed EIh. The 
females of G. capensis showed a lower HHI as compared to males. The females of F. 
mechowii have higher TRI* as compared to males. The species with most of the 
differences were B. suillus and H. glaber: In H. glaber, the females showed higher 
HRI, HHI and URI as compared to males. The variation in H. glaber is probably the 
result of the non-normal distribution of HRI in both sexes, as well as of HHI and 
URI in females. 
 
 
FIGURE 4.8. Box-whisker plots showing statistically significant sex differences for morpho-
functional indices. 
 
4.3.3 Multivariate and Ordination Analyses 
4.3.3.1 MANOVA (Forelimb) (Tables 4.2-4.4) 
The MANOVA showed significant differences for all species (Wilks' λ = 0.013; F42, 
1086 = 38.961; p << 0.001) (Table 4.2). Almost all the values accounting for the 




species were high (>0.50), with a maximum in BI (0.697) and a minimum in URI 
(0.207) (Table 4.3). The MANOVA for all indices also showed significant 
differences (Wilks' λ = 0.029; F40, 726 = 22.823; p << 0.001). The partial eta squared 
was higher in IFA (0.588), URI* (0.499) and RDP (0.409), while the rest of the 
variables showed lower values (<0.35). The combined results of the Tamhane post 
hoc test are summarized in Figure 4.9. The brachial index (BI) showed the lowest 
scores among all indices (0.14) in the analysis of all the indices, whereas it was one 
of the highest (0.697) in the analysis including all species. This indicated that when 
H. glaber is included in the analysis, BI had a higher explanatory power to ordinate 
species, since this species has a smaller ulna among bathyergids relative to the 
humerus (Fig. 4.9). Most pair-wise post hoc tests showed significant differences 
between H. glaber and all other species for almost all indices except for ulnar 
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TABLE 4.3. Details of the MANOVAs of morpho-functional indices for datasets with all 
species and all indices. 
 
 


























Pillai's Trace 2.251 17.396 40 850 << 0.0001 0.450
Wilks' Lambda 0.029 22.823 40 726 << 0.0001 0.508
Pillai's Trace 2.469 23.580 42 1416 << 0.0001 0.412
Wilks' Lambda 0.013 38.961 42 1087 << 0.0001 0.512
Pillai's Trace 2.304 13.575 45 715 << 0.0001 0.461
Wilks' Lambda 0.023 18.534 45 625 << 0.0001 0.532
Pillai's Trace 1.942 16.745 36 1260 << 0.0001 0.324























RDP 5 0.013 23.959 << 0.0001 0.409
HRI 5 0.001 9.744 << 0.0001 0.220
HHI 5 0.001 5.412 << 0.0001 0.135
EIh 5 0.005 15.016 << 0.0001 0.303
IFA 5 0.015 49.380 << 0.0001 0.588
URI 5 0.000 9.890 << 0.0001 0.222
URI* 5 0.002 34.454 << 0.0001 0.499
BI 5 0.010 5.596 << 0.0001 0.139
All species (FORELIMB)
HRI 6 0.006 51.457 << 0.0001 0.566
HHI 6 0.008 43.678 << 0.0001 0.525
EIh 6 0.014 44.822 << 0.0001 0.532
IFA 6 0.013 40.206 << 0.0001 0.504
URI 6 0.000 10.319 << 0.0001 0.207
URI* 6 0.003 56.907 << 0.0001 0.590
BI 6 0.145 90.806 << 0.0001 0.697
All indices (HINDLIMB)
FRI 5 0.001 3.815 0.0028 0.115
EIf 5 0.008 30.219 << 0.0001 0.507
FHI 5 0.001 11.819 << 0.0001 0.287
TSI 5 0.020 21.848 << 0.0001 0.426
TRI 5 0.002 29.108 << 0.0001 0.498
TRI* 5 0.003 15.947 << 0.0001 0.352
TJI 5 0.029 43.891 << 0.0001 0.599
CI 5 0.089 90.036 << 0.0001 0.754
IMI 5 0.010 16.221 << 0.0001 0.356
All species (HINDLIMB)
FRI 6 0.0021 14.380 << 0.0001 0.291
EIf 6 0.0101 42.751 << 0.0001 0.550
FHI 6 0.0007 7.564 << 0.0001 0.178
TSI 6 0.0590 70.142 << 0.0001 0.667
CI 6 0.0806 76.605 << 0.0001 0.686










4.3.3.2 MANOVA (Hindlimb) (Tables 4.2-4.3) 
This analysis showed significant differences between species for all indices (Wilks' 
λ = 0.041; F36, 902 = 26.799; p << 0.001). The proportion of variance (partial eta 
squared) accounting for the differences between species was higher (>0.55) in CI 
and TJI. The Tamhane post hoc tests are shown in Figure 4.10. The MANOVA 
including H. glaber (but excluding RDP) also showed clear differences between 
species. The highest (>0.50) partial eta squared values were EIf, TSI and CI. The 
Tamhane post hoc tests showed significant differences between H. glaber and some 
species (Fig. 4.10). 
 
 
FIGURE 4.10. Box plots of each index (hindlimb) in seven bathyergid species, showing 
mean value (central point), standard error (shorter whiskers) and standard deviation 
(longer whiskers). For each index, species that share the same letter represent 
homogeneous subsets, as identified by post hoc (Tamhane) tests. 
 
4.3.3.3 PCA (Forelimb) 
Two PCAs (PCAi and PCAii) were performed for the forelimb dataset including all 
specimens (of known and unknown sex): i) one considering all 7 species but 
excluding one index (RDP), and another ii) considering all 8 indices but excluding 
H. glaber. 
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The PCAi with all species generated six components although most of the 
variation found in the forelimb was contained in the three first components 
(98.28%) (Table 4.5; Fig. 4.11). Most of this variation was explained by PC1, which 
contained 81.75% of the total variance. This analysis showed significant separation 
among species for the two first components (Wilks´ λ= 0.085; F12, 472 = 95.66; p << 
0.0001), especially showing differences between the morphospace occupied by H. 
glaber and most bathyergids along PC1. The indices that contributed most to the 
variation in PC1, following the criterion defined by Wilson & Geiger (2015) (as r2 > 
0.60), were BI (r2 = 0.72) and HRI (r2 = 0.62). Most specimens were distributed in 
the positive side of PC1, showing both higher brachial index (BI) and epicondylar 
index (EIh) (Table 4.5). The specimens of H. glaber were distributed in the negative 
side and showed higher robusticity of the ulna (high URI and URI*). The PC2 
represented only 11.56% of the total variation. The index that contributed most to 
the variation in this axis was the index of fossorial ability (IFA; r2 = 0.82). Most 
specimens distribute equally along the positive and negative sides of the axis, 
although the solitary species B. suillus and H. argenteocinereus tended to associate 
to the extremes of the negative and positive sides, respectively; B. suillus tended to 
show low IFA values, H. argenteocinereus higher values, and the rest of the species 
showed intermediate IFA values. 
 
TABLE 4.5. Table showing the results of the PCA analysis for the forelimb. 
 
Variables PC 1 PC 2 PC 3 PC 4 PC 5 PC 6
HRI 0.185 0.028 0.277 0.294 0.136 0.765
HHI 0.184 0.068 -0.336 0.094 0.859 0.068
EIh 0.258 0.076 0.834 -0.274 0.284 -0.262
IFA 0.013 0.985 -0.070 -0.090 -0.113 0.057
URI -0.010 -0.085 0.129 -0.149 -0.253 0.518
URI* -0.106 0.098 0.238 0.888 -0.070 -0.236
BI 0.924 -0.044 -0.192 0.101 -0.287 -0.116
Eigenvalue 0.003143 0.000444 0.000191 0.000036 0.000029 0.000001
% Variance 81.758 11.560 4.959 0.938 0.758 0.027
Variables PC 1 PC 2 PC 3 PC 4 PC 5
RDP 0.326 0.899 -0.010 0.059 0.026
HRI 0.094 0.048 0.283 -0.097 0.027
HHI -0.020 -0.043 -0.290 -0.018 0.858
EIh 0.100 -0.110 0.846 -0.219 0.290
IFA -0.772 0.224 0.240 0.531 0.041
URI 0.072 -0.047 0.108 -0.022 -0.399
URI* -0.067 0.305 0.172 -0.180 0.101
BI 0.519 -0.175 0.145 0.790 0.086
Eigenvalue 0.00070 0.00050 0.00025 0.00014 0.00001
% Variance 43.773 31.050 15.510 8.745 0.923
All species (PCAi) - Forelimb




FIGURE 4.11. Results of PCA performed on all bathyergid species including forelimb indices 
(except RDP), and showing PC1 and PC2 (A), PC2 and PC3 (B) and and biplot for the two 
first axes (C). 
 
The second PCAii excluding H. glaber generated five components, although 
most of the variance was contained in the four first components (99.08%) (Table 
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4.5; Fig. 4.12). This analysis also showed significant differences for the three first 
components, although such differences were less evident (Wilks´ λ= 0.224; F15, 472 = 
22.69; p << 0.0001). Species distribute almost evenly in the center of the two first 
components. The main contributor to the PC1 is the IFA index (IFA; r2 = 0.76), 
where most species share both positive and negative values indicating 
intermediate IFA values and only B. suillus positioning mostly in the positive side 
thus indicating a relatively lower IFA. Fukomys spp. and H. argenteocinereus 
tended to have higher IFA values. The main contributors in PC2 were RDP (r2 = 
0.68) and URI* (r2 = 0.67) which were mostly associated with the positive side of 
the axis, where only F. mechowii distributed in this region, whereas all the other 
species showed a variable distribution in the morphospace. C. hottentotus tended 
to be associated with the negative side, showing higher but not significant values 
of URI. The main contributor of the PC3 was EIh, which showed a relatively high 






FIGURE 4.12. Results of PCA performed on all forelimb indices but excluding H. glaber, and 
showing PC1 and PC2 (A), PC2 and PC3 (B) and biplot for two first axes (C). 
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4.3.3.4 PCA (Hindlimb) 
For the hindlimb, two PCAs (PCAi and PCAii) were also performed; one considering 
all species (7) but excluding several indices (TRI, TRI* and TJI), and another 
considering all indices (9) but excluding one species (H. glaber). This analysis 
included the intermembral index (IMI) which is associated with locomotion. Since 
the comparatively lower number of specimens available for this limb as compared 
to the forelimb, specimens with an incomplete data set of indices were still 



























The PCAi including all species generated six components where the three 
first components explain 99.33%) of the variance in the hindlimb (Table 4.5; Fig. 
4.12). This analysis showed significant separation among species for the two first 
components (Wilks´ λ= 0.098; F12, 418 = 76.43; p << 0.0001). The PC1 represented 
67.71% of the total variance, and it was able to separate B. suillus from all solitary 
and social species, although not H. argenteocinereus from G. capensis, which rather 
showed some degree of overlap between each other (Fig. 4.12). The indices the 
contributed most to differentiation in this axis were CI and TSI, although only CI 
showed a significant correlation (r2 = 0.85). The species distributed in the negative 
side of the PC1 were associated with higher TSI index (solitary species, specially B. 
suillus), while the social species occupied the positive side of the axis and were 
Variables PC 1 PC 2 PC 3 PC 4 PC 5 PC 6
FRI -0.029 0.196 0.038 -0.697 0.280 0.629
EIf 0.136 0.569 0.025 0.230 -0.675 0.384
FHI -0.005 0.101 0.066 0.672 0.574 0.453
TSI -0.493 0.560 -0.578 -0.017 0.194 -0.267
CI 0.848 0.314 -0.215 -0.076 0.261 -0.248
IMI -0.134 0.463 0.783 -0.064 0.174 -0.346
Eigenvalue 0.003280 0.001206 0.000326 0.000024 0.000006 0.000002
% Variance 67.706 24.902 6.727 0.491 0.134 0.040
Variables PC 1 PC 2 PC 3 PC 4 PC 5
FRI 0.016 0.161 -0.044 0.134 0.385
EIf 0.223 0.408 0.318 -0.028 -0.488
FHI 0.007 0.135 0.050 -0.277 -0.446
TSI -0.335 0.274 0.223 -0.689 0.193
TRI -0.319 -0.232 0.847 0.252 0.146
TRI* -0.070 0.735 0.066 0.435 -0.002
TJI 0.847 -0.030 0.314 -0.083 0.258
CI -0.003 0.347 -0.099 -0.130 0.538
IMI -0.112 -0.007 -0.119 0.393 0.000
Eigenvalue 0.00400 0.00100 0.00054 0.00011 0.00002
% Variance 70.527 17.618 9.536 2.014 0.305
All species (PCAi) - Hindlimb




associated with higher CI indices. The PC2 contributed with 25.90% of the total 
variance and it was able to differentiate between the largest social species (F. 
mechowii) in the positive side and the smallest one in the negative side (H. glaber) 
(Fig. 4.12). The positive side of this axis is mostly associated with increased EIf, TSI 
and IMI, although only EIf showed a significant correlation (r2 = 0.87). Most 
species distributed on both sides of the axis, although the largest social species F. 
mechowii distributed only on the positive side, whereas the smallest social species 
H. glaber distributed almost completely on the negative side (except some few 
specimens). Thus, F. mechowii showed higher EIf, TSI and IMI as compared to H. 
glaber. The largest species, B. suillus distributed evenly on both sides of the axis, 
being intermediate between F. mechowii and H. glaber. 
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FIGURE 4.13. Results of PCA performed on all bathyergid species including hindlimb 
indices (except RDP), and showing PC1 and PC2 (A), PC2 and PC3 (B), and biplot for the 





The second PCAii generated five components where the three first 
components explained 97.68% of the total variance (Table 4.6; Fig. 4.14). 
Significant differences among species were found for the two first components 
(Wilks´ λ= 0.102; F10, 292 = 61.82; p << 0.0001). The PC1 contributed with 70.53% of 
the total variance and was positively correlated with CI (r2 = 0.86) and EIf (r2 = 
0.61), and negatively correlated with TRI (r2 = 0.62). The positive side of this axis 
was mostly occupied by social species while the negative side by the solitary B. 
suillus, so the latter species showed higher TSI and TJI as compared to social 
species. The other solitary species (H. argenteocinereus and G. capensis) occupied 
an intermediate location between B. suillus and social species (Fig. 4.14). The PC2 
contributed only with 17.62% of the variance and the greatest positive correlations 
were obtained from IMI (r2 = 0.75) and TRI* (r2 = 0.64). In this axis, the largest 
social mole-rat F. mechowii occupied the positive sector while most individuals of 
C. hottentotus (the second smaller species in this study) occupied the negative 
sector. In this sense, F. mechowii showed higher IMI and TRI* as compared to C. 
hottentotus and the largest bathyergid B. suillus. 
 




FIGURE 4.14. Results of PCA performed on all forelimb indices but excluding H. glaber, and 




4.3.3.5 DA (Forelimb + Hindlimb) 
To know whether bathyergid species could be correctly classified into a priori 
defined ecomorphological groups, a series of DAs were performed using all indices 
and all species. Here, both fore- and hindlimb data were combined in the analysis 
to have a more integrated view of the whole appendicular phenotype 
characterizing each ecomorphological group. 
The first discriminant analysis (DAi) included all species and yielded two 
canonical functions, from which the first function accounted for 86.81% of the 
variance in the sample (Table 4.7; Fig. 4.15). The MANOVA of DF1 and DF2 scores 
showed significant separation between ecomorphological groups (Wilks´ λ= 0.063; 
F4, 424 = 313.4; p << 0.0001). Most of this separation between groups was accounted 
by the variation on EIf, EIh and HRI in DF1, while IFA contributed most in the DF2 
(Table 4.7). All individuals in the scratch-digging group and most of the solitary 
chisel-tooth digger group were on the positive side of the DF1, whereas the 
negative side was composed of most of the social chisel-tooth digger group (Fig. 
4.15). The DF2 separated mostly solitary chisel-tooth diggers on the positive side 
with the social chisel tooth diggers on the negative side, while most scratch-
diggers were related to the negative side (Fig. 4.15). Jackknifed cross-validation of 
group assignments produced a 93.06% of correctly classified individuals. In the 
scratch-digging group (containing only B. suillus), all individuals were correctly 
classified (Appendix 4.3). The solitary chisel-tooth diggers and social chisel-tooth 
diggers groups were not completely separated by the analysis; 15 individuals 
(6.94%) were misclassified (Appendix 4.3). Most misclassifications (11) were found 
among the social chisel-tooth digger group, where mostly specimens of F. 
mechowii were classified as being solitary chisel-tooth diggers. None of the 
individuals in the analysis were misclassified as scratch-diggers and none of the 
naked mole-rat individuals were misclassified. 
 
 
TABLE 4.7. Tables showing 
the results of the DA 
analysis. Indices of the 
forelimb and hindlimb are 
analysed together. On the 
left, the loadings of the 
analysis included all 
species, and to the right the 
analysis included all 
indices. RDP, TRI, TRI* and 
TJI were not assessed when 
all species were compared. 
Loadings DF1 DF2 Loadings DF1 DF2
HRI 32.555 1.564 1 RDP -6.280 12.595
HHI -0.069 -14.316 2 HRI -31.797 13.908
EIh 39.250 -21.578 3 HHI 9.433 -14.700
IFA -25.404 52.713 4 EIh -40.159 -18.942
URI -27.326 14.961 5 IFA 52.712 36.691
URI* 17.591 40.070 6 URI 17.597 8.433
BI 3.799 20.380 7 URI* -33.044 34.425
CI -19.187 -8.105 8 BI 10.076 15.153
IMI -7.965 9.263 9 FRI 19.414 0.427
FRI -11.049 3.388 10 EIf 47.882 -11.748
EIf -40.133 -4.540 11 FHI -31.999 86.971
FHI 23.022 36.098 12 TSI -7.540 -0.727
TSI 11.116 -5.465 13 TRI -1.809 -0.580
Eigval 6.737 1.024 14 TRI* -7.128 -31.353
% 86.810 13.190 15 TJI -8.965 -34.811
16 CI 10.419 -22.708








FIGURE 4.15. Results of DA performed on all species but excluding four indices (A) and on 
all forelimb indices but excluding H. glaber (B). Canonical functions (DF1 and DF2) are 
ploted and biplots superimpossed to show the main factors (eigenvectors) contributing to 
group discrimination. 
 
The second DAii included all indices and also yielded two functions, from 
which the first one contained most of the variance (78.29%). Groups were 
significantly separated (Wilks´ λ= 0.037; F4, 330 = 346.2; p << 0.0001), and showed 
higher discriminant power than the first analysis (DAi) that included a reduced 
number of indices and an extra species, H. glaber. The variables that most 




the DF2 (Table 4.5). In this DA, the specimens took different locations in the 
morphospace as compared to the previous DA. However, within a DA, the 
direction of the sign for each variable is arbitrary and will not affect its 
interpretation (Quinn & Keough, 2002). All individuals of the scratch-digging 
group and few specimens of the solitary chisel-tooth digger group were associated 
with the negative side of the DF1, whereas the positive side was composed mostly 
by individuals of the solitary chisel-tooth digger group and all the individuals of 
the social chisel-tooth digger group (Fig. 4.15). The DF2 also separated solitary 
chisel-tooth diggers on the positive side with the social chisel tooth-diggers on the 
negative side, while most scratch-digger individuals were related to the negative 
side (Fig. 4.15). Jackknifed cross-validation produced a 97.37% of correctly 
classified individuals. As in the previous analysis DAi, all specimens in the first 
group were correctly classified, although only 4 individuals (0.97%) (mostly from 
the solitary chisel-tooth digger group) were misclassified (Appendix 4.4). This 
represents a considerably lower number of misclassifications, probably related to 
the inclusion of RDP, TRI, TRI* and TJI, which showed significant explanatory 
power in previous multivariate analyses (Table 4.5). Thus, the inclusion of humeral 
and tibio-fibular indices represents a 4.31% increment in discriminant power 
respect to the previous DAi. It is likely that the exclusion of H. glaber also 
contributed to a better discrimination between groups, since this species showed a 
highly variable component and therefore a large morphospace. 
 
4.4 DISCUSSION 
The goal of this study was to investigate the phenotypic variation of fore- and 
hindlimbs of Bathyergidae, specifically to: i) determine which are the main 
differences and similitudes between species, and how they are related to specific 
social behaviors, digging strategies and locomotor ability. The comparative analysis 
of the functional anatomy of all bathyergid species revealed clear differences, 
especially between naked mole-rats (H. glaber) and the other bathyergids 
(Bathyergus, Heliophobius, Georychus, Cryptomys and Fukomys). Additionally, an 
important aspect implemented in this study is the introduction of three novel 
ecomorphological categories for analyzing the effects of different fossorial and 
social strategies by combining fore- and hindlimb phenotypes, which resulted in a 
clear separation between groups. Moreover, non-significant differences between 
sexes in almost all morpho-functional indices, for each species, indicates that the 
appendicular morphology of mole-rats is strongly correlated with function 
regardless of sex, even among species with marked sexual dimorphism like B. 
suillus. Nevertheless, the few sex differences found in some species are also briefly 
discussed. The following discussion addresses the main differences and similarities 
in the forelimb and hindlimbs of bathyergids (mostly excluding naked mole-rats), 
as well as the main features characterizing each ecomorphological group. Due to 
the unique features of H. glaber among African mole-rats, a detailed discussion of 
its phenotype is also presented separately. Since this study represents the first 
comprehensive contribution to analyze the appendicular anatomy of African mole-
rats, the implications of such features among hystricognath rodents are also briefly 
commented upon. 




4.4.1 The Morphology of the Forelimb  
Differences Among Bathyergids. The multivariate analyses showed clear 
differences among species (Table 4.3-4.4; Fig. 4.9). Most of these differences were 
explained by the index of fossorial ability (IFA) in the ulna, the anteroposterior 
robustness of the forearm (URI*) and the relative position of the deltoid tubercle 
(RDP) in the humerus (Table 4.4). Similar results were obtained from the PCA, 
where IFA, brachial index (BI) and RDP contributed most to the total variance 
(Table 4.5). Thus, in the forelimb, the zeugopod contained the highest amount of 
differences among species (IFA and URI*), followed by the differences in the 
stylopodial bone (RDP) and the ratio between the zeugopods and stylopods (BI).  
The highest IFA, RDP and URI* values were found in the large solitary 
chisel-tooth digger H. argenteocinereus (Table 4.4). High IFA values indicate a 
relatively larger olecranon process in the ulna, thus reflecting an improved 
mechanical advantage of the m. triceps brachii and m. tensor fasciae antebrachii 
for elbow extension, which is usually considered a good estimator of the fossorial 
ability in mammals (Vizcaíno et al., 2016). The largest social bathyergid, F. 
mechowii also showed similar values (Fig. 4.9). However, both species are primarily 
chisel-tooth diggers and live in environments with different soil properties 
(Bennett & Faulkes, 2000; Šumbera et al., 2004). However, Šumbera et al. (2012) 
analyzed habitat characteristics of both species and found that the soil parameters 
of such species were comparable, thus suggesting that there are no strong 
ecological constraints on mole-rats to occupy a diverse range of habitats and soil 
conditions. 
An interesting result of this study was that the largest bathyergid and 
highly specialized scratch-digger, Bathyergus suillus, showed the lowest IFA among 
bathyergids, having a relatively smaller olecranon process as compared to other 
species. If compared to chisel-tooth diggers, B. suillus is considered to undergo 
higher mechanical strains in their forelimb bones due to increased efforts to break 
the soil during scratch-digging burrowing, so a higher IFA was expected. A possible 
explanation for these contradictory results may be because B. suillus lives in soft 
sandy soils and has long claws in fore- and hindfeet, which in combination would 
reduce the efforts required for “breaking up” the soil excavated. Thus, the 
biomechanical interaction between building burrows in less compacted soils and 
having a highly specialized set of appendicular structures to break up the soil (i.e. 
claws), may account for a reduction in the ulnar specialization of the elbow. In 
contrast, species that dig more compacted soils, primarily with their incisors, and 
which have comparatively poorly developed claws may require bigger attachment 
sites for stronger forearm muscles to move the soil out of the burrow, especially in 
wet conditions where the soils get highly compacted and heavier. This indicates 
that chisel-tooth diggers have a more specialized humero-ulnar joint to enable 
more effective scratch-digging, which also involves pushing the soil out of the 
burrow. 
The high URI* values found in H. argenteocinereus (and also in H. glaber) 
indicate a thicker anteroposterior cross-sectional shape of the ulna, reflecting a 




bending and torsional loads in that axis. This would enable them to sustain higher 
strains during parasagittal scratch-digging movements to reduce fracture risks. The 
lowest URI values were found in the smaller social C . hottentotus (Fig. 4.9). 
The high RDP found in H. argenteocinereus indicated a more distally 
located deltoid tubercle, and therefore an increased in-lever ability of the forelimb 
for the action of the deltoid and pectoral muscles. This implies a stronger flexion of 
the humerus on the scapula, and therefore a stronger ability of the forelimb for 
pulling the substrate against the body. In general, all solitary species showed 
higher RDP as compared to social species, although C. hottentotus also showed 
similar high values (Table 4.4). The lowest values were found in the social Fukomys 
(Fig. 4.9). 
Similar values were found by Samuels & Van Valkenburgh (2008), in which 
they assessed the locomotor modes of 67 rodent species including four species of 
bathyergids: G. capensis (n = 1), H. argenteocinereus (n = 2), C. hottentotus (n = 3) 
and H. glaber (n = 4). Most mean values for those species showed differences with 
the values obtained in this study. This may be due to the reduced sample size these 
authors used (n = 10), although intraspecific differences cannot be ruled out. In the 
case of IFA and URI, these authors used a different calculation for those indices, so 
the final estimations are not comparable. Despite the limited number of specimens 
they used, they also found that H. argenteocinereus showed higher values for 
indices as compared to the other bathyergids. Overall, the presence of strong 
humeral and ulnar specializations in H. argenteocinereus suggest that this species 
has a set of features to maximize scratch-digging behaviour, which are structurally 
more specialized as compared to truly scratch-digging species. 
Similarities Among Bathyergids. The indices that showed a lower 
contribution to species differentiation in the multivariate analyses were the 
humeral head (HHI) and brachial index (BI). In the ordination analyses, the least 
relevant variables explaining variation in the PC2 were the humeral head (HHI), 
mediolateral diameter of the ulna (URI), the humeral robustness (HRI), humeral 
epicondylar index (EIh) and brachial index (BI). In general, these features were 
similar among all bathyergids, and were higher as compared to other non-
subterranean terrestrial mammals including the semifossorial ones reported by 
Samuels & Van Valkenburgh (2008). Only the HHI was not possible to compare 
since it has not been assessed previously.  
On the basis of the present results, it appears that all bathyergids share i) 
enlarged humeral heads (high HHI), which increases the articular surface of the 
glenohumeral joint thus providing higher extensiveness for anteroposterior (and 
likely mediolateral) movements of the humerus; ii) relatively short functional 
length of the ulna (low BI), which indicates that humerus and ulna are functionally 
similar in length; iii) relatively thick mediolateral diameters in the ulna (high URI), 
which reflects increased sectional areas to resist bending in the mediolateral axis of 
the bone, and also indicating higher relative surface available for the insertion of 
muscles involved in pronation and supination of the forearm and flexion of the 
manus and digits which help during digging behaviour; iv) more robust humeri 
(high HRI), which indicates increased ability to resist bending stresses in the 
anteroposterior axis; and v) wider epicondylar width (EIh), which is associated 
with larger relative areas available for the origin of the forearm flexors, pronators, 
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and supinators, thus improving their degree of development and robustness for 
stronger hand and forearm flexion. These features have also been recognized as 
common for fossorial species in previous ecomorphological assessments 
(Lehmann, 1963; Echeverría et al., 2014; Samuels & Van Valkenburgh, 2008). 
Intraspecific Comparisons with Non-Bathyergids. The forelimb of 
bathyergids showed clear specializations associated with fossoriality. However, 
bathyergids did not show necessarily a more specialized morphology for these 
traits when compared to other fossorial mammals. The fossorial mammals 
analyzed in previous studies (e.g. Samuels & Van Valkenburgh, 2008) showed 
higher mean values for EIh, IFA and URI as compared to bathyergids. Within 
Rodentia, the EIh is higher in non-bathyergid fossorial forms (0.368), although 
semiaquatic and ricochetal forms showed similar values to bathyergids (0.307 and 
0.310, respectively) (Table 4.x). The IFA in bathyergids (0.281) is also lower as 
compared to other fossorial rodents (i.e. 0.328), but higher than most non-fossorial 
species (Samuels & Van Valkenburgh, 2008). However, this parameter could be 
biased because these latter authors used a different calculation. In the case of URI 
(0.051), these values are lower than semiaquatic (0.057), semifossorial (0.055) and 
fossorial (0.067) rodents, although were higher as compared to terrestrial, arboreal 
ricochetal and gliding rodents (Samuels & Van Valkenburgh, 2008). Only the RDP 
(0.581) showed to be higher as compared to other fossorial rodents (0.539: Samuels 
& Van Valkenburgh, 2008), although these authors considered the length of the 
deltopectoral crest and not the deltoid tubercle, so some bases are also expected 
for those features. In general, these data indicate that bathyergids are not as  
functionally specialized to fossoriality as other solitary taxa (e.g. armadillos), and 
that these morphological features are not exclusive of digging species only, but also 
to swimmers, ricochetal and semifossorial species that also need to increase 
robusticity of such structures for activities that involve similar biomechanical 
regimes (Samuels & Van Valkenburgh, 2008). The interplay between different 
lifestyles, niche occupancies and functional anatomy clearly do not follow a linear 
ecomorphological continuum, so its analysis and interpretations become 
complicated when they are based on independent assessment of morphological 
features. More integrated studies assessing the ecomorphological variation among 
mammals is needed. 
 
4.4.2 The Morphology of the Hindlimb  
The hindlimb of bathyergids showed clear specializations associated with 
fossoriality. Most indices (EIf, TSI, TRI, TRI*, TJI, CI) showed increased hindlimb 
robusticity and digging ability as compared to other non-subterranean mammals 
(Samuels & Van Valkenburgh, 2008). 
Differences Among Bathyergids. The multivariate analyses showed clear 
differences among species (Table 4.3-4.4; Fig. 4.10). Most of these differences were 
explained by the crural index (CI), tibio-fibula junction index (TJI) and femoral 
epicondylar index (EIf) (Table 4.4). Similar results were obtained from the PCA, 
where the TJI, tibial spine index (TSI) and the robustness of the tibia (TRI) 




hindlimb showed a similar pattern of variation as the forelimb, where differences 
in the zeugopodial bones explained most of the variance among species. 
The crural index (CI) showed the highest amount of variation among 
species (Table 4.4; Fig. 4.10). This index indicates the relative proportions of 
proximal (femur) and middle (tibia) elements of the hindlimb (foreleg) and gives 
an indication of how well the hindlimbs are adapted for speed (Howell, 1965). The 
lower values were found in solitary species, while the higher values were found in 
social species, especially in the smaller ones (F. damarensis and C. hottentotus), 
indicating that these species have a proportionally longer tibio-fibula in relation to 
the femur (Fig. 4.10). This tendency is typically found in cursorial and terrestrial 
mammals, although bathyergids still show lower values as compared to surface-
dwelling species (Samuels & Van Valkenburgh, 2008; Wilson & Geiger, 2015). These 
results suggest that social species may have a tendency to develop a more 
“cursorial” phenotype, and this would allow them to have faster propulsive forces 
as compared to solitary species. Unfortunately, the locomotory dynamics of 
bathyergids have not been assessed, although previous works have suggested 
apparent differences in the locomotor speed of the largest bathyergids and other 
subterranean mammals (Ch. 3; Montoya-Sanhueza & Chinsamy, 2019). It is evident 
that further research is needed to understand the locomotory dynamics among 
bathyergids and other subterranean mammals. 
The fused condition of the tibia and fibula of most bathyergids contrasts 
with that found in most arboreal/scansorial mammals where the fibula remains 
separated and is relatively mobile to increase agility and the range of limb motion 
(Carleton, 1941; Moss, 1977). The TJI index developed in this study showed in part 
the level of tibio-fibular fusion, and was usually associated with high values (Table 
4.2). Higher values indicated longer bony bases for the muscles acting on the feet, 
thus increasing resistance for bending and torsional loads in animals that sustain 
relatively higher biomechanical activity against the substrates such as soil 
excavation (Carleton, 1941; Stein, 2000; Silva et al., 2005). Among solitary species, 
B. suillus had the highest TJI values, while G. capensis had the lowest values (Fig. 
4.10). The discriminant power of this index successfully differentiated scratch-
digger species from chisel-tooth diggers, thus showing that this index can be used 
in future ecomorphological analyses of mammals.  
The TSI was also an important index differentiating species. The TSI 
reflects the strength of the leg and the relative width available for the insertion of 
the semitendinosus and semimembranosus muscles. Higher values were found in 
the largest bathyergids, while the lowest values in the smaller species (Table 4.2). 
Wide surface areas for the attachment of these muscles increase the in-lever of 
hindlimb retracting muscles and hence increase the strength of the knee (Samuels 
& Van Valkenburgh, 2008). Thus, this index showed a clear positive trend with 
increased body size (Fig. 4.10), which has been also observed in other taxa 
including fossorial and non-fossorial forms (Samuels & Van Valkenburgh, 2008). 
With respect to the EIf, this index indicates the relative area available for 
the origin of the gastrocnemius and soleus muscles used in extension of the knee 
and plantar-flexion of the pes. The EIf was higher in Fukomys, especially in F. 
mechowii (Fig. 4.10), indicating that this species has enlarged epicondylar areas. 
Similar qualitative observations have been reported by Sahd et al. (2019) in a social 
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species, C. h. natalensis (n = 8), where the epicondyles appeared more robust and 
prominent in this non-drumming species as compared with drumming species 
such as B. suillus and G. capensis. In the present study, non-significant differences 
were found between C. hottentotus and G. capensis for this trait (Fig. 4.10), 
indicating that intraspecific variation in epicondylar width can be found in 
Cryptomys. The lowest values for this index were found in the largest and smallest 
bathyergid species, B. suillus and H. glaber, respectively (Fig. 4.10). Additionally, 
such values were statistically non-significant for those species. The latter taxon is a 
non-drumming species, thus the differences between drumming and non-
drumming species seems unrelated to the epicondylar width, contrasting with 
recent suggestions made on bathyergids (Sahd et al., 2019). 
Three indices associated with the hindlimb have been shown to be high in 
semifossorial and fossorial rodents, the epicondylar index of the femur (EIf), the 
tibial spine index (TSI) and the gluteal index (Samuels & Van Valkenburgh, 2008). 
The latter not assessed in this study. These indices are related to enlarged gluteus 
medius, gastrocnemius and hamstrings, respectively (Sahd et al., 2019), all of which 
have been hypothesized to help to resist the tendency to move rearward during 
digging activities (Samuels & Van Valkenburgh, 2008). Since bodies of fossorial 
rodents tend to be pushed backwards as the soil resists digging, enlargement of 
these muscles aids in maintaining a stable position (Samuels & Van Valkenburgh, 
2008). In addition to these features, the mediolateral femoral robustness (FRI) is 
also increased in fossorial forms (Samuels & Van Valkenburgh, 2008), although 
there are no detailed examinations of its development and functionality. It is likely, 
that the increased loads exerted during limb stabilization by the gluteal muscles 
(attached to the third trochanter in the lateral region of the bone), have a 
significant effect on stimulating periosteal bone formation along the mediolateral 
axis of the diaphysis. In this regard, B. suillus has an enlarged third trochanter with 
a wide surface area for the attachment of the gluteal muscles. Montoya-Sanhueza 
& Chinsamy (2017) described the bone histology of this species and showed that 
the ontogenetic pattern of bone modelling in the femoral mid-diaphysis has 
extensive mediolateral bone formation and the pattern of cortical drift and bone 
growth occurs in posterolateral direction of the bone (also see Ch. 6). This 
supports the idea that tensional loading exerted by the gluteus muscles is 
associated to the extension of the third trochanter along the diaphysis, and 
therefore osteogenesis has also been affected (Montoya-Sanhueza & Chinsamy, 
2017). This process may provide a mechanobiological model for the development of 
the extended trochanter in fossorial and subterranean mammals. In other 
bathyergids, the third trochanter is less extensively developed and rather restricted 
to a certain region in the proximal area of the diaphysis where slightly sharpens 
(Fig. 4.3, 4.7). Thus, the third trochanter seems to protrude more in social species, 
while solitary species show a more proximo-distally extended trochanter, which 
originates from the greater trochanter. Sahd et al. (2019) described that the third 
trochanter in three species of bathyergids (B. suillus, G. capensis and C. hottentotus 
natalensis) extended to a third of the length of the femur in all three species, and 
suggest that the position and size of the trochanters of the femur are unlikely to 
play a role in hind foot drumming or fossoriality. However, these authors did not 




clearly different among those species in the present study, and most likely has a 
functional correlation with stabilization and retraction of the femur during 
locomotion within burrows and/or digging behaviours (Samuels & Van 
Valkenburgh, 2008). Further research must focus on the effect of specific digging, 
locomotory and/or communicational behaviours on the development of bone 
superstructures.  
Similarities Among Bathyergids. The indices that showed the lowest 
contribution to species differentiation in the multivariate and ordination analyses 
were the femoral head (FHI), femoral robustness index (FRI) and intermembral 
index (IMI) (Table 4.6). In general, these features were similar among all 
bathyergids, and differed from other non-subterranean terrestrial mammals 
including semifossorial ones (Samuels & Van Valkenburgh, 2008). Consequently, 
all bathyergids share: i) similar sized spherical shaped femoral heads (except for H. 
glaber, where is rather ellipsoidal); ii) relatively thick femoral diaphysis in its 
mediolateral axis; and iii) relatively symmetrical limb proportions. Unfortunately, 
the FHI could not be compared with other mammals since this feature was 
calculated differently or its mean values were not reported in previous studies (e.g. 
Wilson & Geiger, 2015). These latter authors calculated the dimension of the 
femoral head in a wide range of adult ctenohystrican rodents using a similar 
approach as the used here (i.e. based on diameters), and found that higher values 
were associated with larger femoral heads, which are characteristic of arboreal and 
fossorial rodents, while lower values were seen in cursorial species (Wilson & 
Geiger, 2015). In the latter study, only four bathyergid individuals from B. suillus, 
G. capensis and C. hottentotus, were analysed. Although their index cannot be 
directly compared to the one calculated here, both of them represent the 
magnitude of surface area available of the femoral head, so it is highly probable 
that the FHI observed in the present study does not vary considerably from the 
general pattern found by Wilson & Geiger (2015). For this reason, it would be 
pertinent to suggest that bathyergids show relatively enlarged femoral sizes as 
compared to other non-fossorial rodents, although further assessment of this 
feature is needed. The circular shape of the femoral head in such species was also 
recently described elsewhere (Montoya-Sanhueza et al., 2019; Sahd et al., 2019).  
The FRI was relatively high among all bathyergids, indicative of high 
femoral robusticity to resist bending and shearing stresses associated in the 
mediolateral plane of the bone (Leppänen et al., 2006). This feature is common to 
fossorial mammals relative to other cursorial/terrestrial species (Samuels & Van 
Valkenburgh, 2008; Wilson & Geiger, 2015), although previous studies used a 
different calculation for this index (e.g., Samuels and van Valkenburg, 2008; 
Wilson and Geiger, 2015), so comparisons must be done cautiously. Previous 
studies calculated the FRI with the anteroposterior diameter of the femur, thus 
indicating rather the resistance of the diaphysis to bending and shear stresses 
during walking and high speed movements, as well as a measure of the capacity to 
support compressive forces due to body mass (Samuels & Van Valkenburgh, 2008; 
Wilson & Geiger, 2015; Vizcaíno et al., 2016). It is likely that varied repertoire of 
behaviors performed by the hindlimb of fossorial and subterranean mammals (e.g. 
body anchoring during digging, expelling soil out of the burrow and foot 
drumming) all contribute differentially to optimize bone designs. As mentioned 
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above, the extensive proximo-distal development of the third trochanter could also 
be involved in increased mediolateral growth. More in-deep ethological 
examination of species’ behaviors would help to understand these variations in 
bone design.  
The IMI showed relatively symmetrical limb proportions, although the 
hindlimb was still longer than the functional length of the forelimb (Fig. 4.10). 
Apart from indicating leaping ability, the IMI has not shown clear functional 
correlates in mammals, especially those associated with either higher speed or lack 
of it (Howell, 1965). Howell (1965) reported an IMI of 0.75 as the generalized 
condition for large surface-dwelling (terrestrial) mammals (i.e. the hindlegs are 
longer than the forelegs), with bipedal jumpers showing the lowest ratios (0.32-
0.50). Adult bathyergids have higher (0.87) values as compared to the hypothetical 
normal condition of other surface-dwelling mammals. Lehmann (1963) found that 
the length of the hindlimbs of Geomys, Ctenomys, and 
Tachyoryctes are more nearly equal to the length of the forelimbs and differs from 
the non-fossorial forms and Rattus in which there is a tendency for the hindlimbs 
to be longer. In Ch. 3 (Montoya-Sanhueza et al., 2019), the limb development of the 
largest bathyergid species was described and the function of symmetric limb 
proportions in mammals was discussed. It is suggested that symmetrical limb 
proportions may be related to maximizing equal bidirectional locomotion within 
burrows by emphasizing equal propulsive action of the fore- and hindlimbs. 
Consequently, the high IMI found in bathyergids and other fossorial mammals 
may not represent a fossorial adaptation for excavation per se, but an additional 
morphological specialization for bidirectional locomotion in burrows and narrow 
spaces (Montoya-Sanhueza et al., 2019). 
 
4.4.3 Ecomorphological Groups 
The discriminant analysis of the three main ecomorphological groups (i.e. solitary 
scratch-diggers, solitary chisel-tooth diggers and social chisel-tooth diggers) 
showed that all of them were clearly differentiated (Fig. 4.15). The features that 
better discriminate between solitary scratch-diggers and chisel-tooth diggers are 
related to the forelimb in the first group and mostly to the hindlimb in the second 
(Table 4.7). The DF2 mostly separates solitary chisel-tooth diggers from social 
ones, with solitary scratch-diggers showing an intermediate position among them, 
but also tending to share more features with social chisel-tooth diggers. The main 
variables contributing to differentiation were the increased FHI, and an equal 
combination of IFA, TRI*, URI* and TJI (Table 4.7). However, the combined data 
(biplot) showed that the most relevant features that finally separate 
ecomorphological groups were: TJI, TRI and EIh for scratch digging species; IFA, 
RDP, TRI* and TSI for solitary chisel-tooth diggers; and CI, Eif and HHI for social 
chisel-tooth diggers (Fig. 4.15).  
This indicates that solitary chisel-tooth diggers are mainly characterized by 
having a more proximally located distal junction of the tibio-fibula (high TJI), a 
more robust tibio-fibula in its mediolateral axis (high TRI) and wider epicondylar 
epiphyses in the humerus (high EIh). Morphological specializations in the tibia of 




related to the ability to resist higher bending and shearing stresses in the 
anterolateral axis. The humerus also showed better specialization in EIh associated 
with larger relative areas available for the origin of the forearm flexors, pronators, 
and supinators, thus improving their degree of development and robustness for 
stronger hand and forearm flexion. These features match with the primary digging 
strategy of B. suillus (Jarvis & Sales 1971). 
Solitary chisel-tooth diggers are characterized by having a longer olecranon 
process (high IFA), a more distal extension of the deltoid tubercle (high RDP), a 
more robust tibio-fibular diaphysis in its anteroposterior axis (high TRI*) and a 
larger tibial spine surface (high TSI). Despite H. argenteocinereus and G. capensis 
are primarily chisel-tooth diggers, they showed highly specialized forelimbs 
associated with scratch-digging ability. These features allow an improved 
mechanical advantage of the triceps and dorsoepitrochlearis muscles during elbow 
extension (IFA) and a stronger ability of the arm for pulling the substrate against 
the body (RDP). The tibia in these species was also robust (TRI*). It is likely that 
their solitary condition makes them to increase their scratch-digging skills even 
when this is not their primary mode of excavation. 
Social chisel-tooth diggers are characterized by longer tibio-fibulae in 
relation to the femur (high CI), wider epicondylar epiphyses in the femur (high EIf) 
and larger humeral heads (high HHI). These features suggest increased speed and 
locomotory capabilities in this group, as well as higher surface area in the 
glenohumeral joint thus providing wider range of anteroposterior (and likely 
mediolateral) movements of the humerus (HHI). A more robust distal femur was 
also characteristic of this group and can be related to the need of transporting and 
expelling soil out of the burrows. 
 
4.4.4 The Phenotype of Heterocephalus glaber 
The species with most differences in morpho-functional traits was H. glaber (Fig. 
4.9-4.10). This species showed a wider morphospace as compared to other species 
(Fig. 4.11-4.15). This could be related to the wide phenotypic variation of this 
species (Jarvis et al., 1991; O’Riain et al., 2000; Dengler-Crish & Catania, 2007, 
2009), and probably correlated to sex differences (Fig. 4.8), but also to cohort, role 
within the colony, and captivity conditions of course. Indeed, wide phenotypic 
variation (including skeletal variation) was previously suggested for 
Heterocepahlus by Hamilton (1928). In this study, several lines of evidence were 
presented to show that the considerable intraspecific variation found in this 
species, as well as its differences with the rest of the bathyergids are at least, 
unlikely to be due to prolongated life in captivity. 
It is known that life in captivity has strong effects on the skeleton (O’Regan 
& Kitchener, 2005). Although the specimens analyzed here were kept under high 
inbreeding and captive conditions for more than 20 years, especially without real 
substrates to dig, they show clear and strong behaviors associated with digging 
activities (see Appendix 4.5). The Appendix 4.5 shows video recordings of active 
digging behavior in different members of the naked mole-rat colony at the 
University of Cape Town (now relocated to the University of Pretoria, South 
Africa). Despite the extended time that this colony has been inbred and have not 
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been supplied with soil to dig, the members of the colony still maintain a clear 
digging behavior even though the tunnels are made of glass and does not have 
substrate to dig. In the video is possible to observe that both chisel-tooth digging, 
and scratch-digging are performed simultaneously. The second part of the video 
also shows the process of expelling soils out of the burrow, where the --imaginary-- 
material is pushed out of the tunnel using backward locomotion and through 
potent synchronized kicks of both hindlimbs. The constant digging activity in 
colonies deprived of soil substrates, is hypothesized to act as a fundamental factor 
stimulating the adequate attainment of skeletal shape and size in captive colonies 
of mole-rats. This represents one of the clearest lines of evidence supporting the 
observation that the phenotype of the specimens of this study has been scarcely 
affected by being held in captivity, at least by disuse conditions (e.g. Burger & 
Veldhuijzen, 1993). To attain the normal size, shape and architecture of bones, it is 
known that muscle activity plays a major role in stimulation of bone formation 
(Burger & Veldhuijzen, 1993; Whedon & Heaney, 1993; Hillam & Skerry, 1995; 
Carter et al. 1996; Carter & Beaupré, 2001). Several experimental studies have 
demonstrated that the lack of muscle activity (muscle extirpation) results in 
deformed bones and isometric bone geometries in cross sectional shape, even from 
prenatal stages (e.g. Sharir et al., 2011). For this reason, it is assumed that despite 
the captivity condition of the specimens analyzed in this study, the presence of 
persistent digging behaviors in the colonies have had a positive impact on the 
normal development of their bone size and shape (i.e. reduced negative effects on 
normal bone modeling). For this reason, the final phenotype observed in H. glaber 
is expected to not vary considerably from that of wild specimens. Nevertheless, the 
specific effect of different load magnitudes and frequencies of muscular activity on 
bone architecture and geometry in this taxon must still be considered in further 
research.  
No effects of captivity on features such as atrophied development of the 
deltoid tubercle and fusion of the tibia and fibula have been reported (O’Regan & 
Kitchener, 2005). Indeed, it is most likely that these features do not result from life 
in captivity, and may instead have a strong genetic component (Hall, 1978). Early 
descriptions of the skeletal anatomy of wild specimens of H. glaber have reported 
no development of deltoid tubercle and no fusion of their zeugopodial hindlimb 
bones (Hamilton, 1928; Hill, 1957). As mentioned before, most of the subordinate 
individuals showed individual tibia and fibula, and only few specimens exhibited 
distal fusion, which is most likely associated with the onset of sexual maturity 
and/or reproductive activity (Fig. 4.7). Only the proximal fusion of the tibiae and 
fibulae represents a character clearly observed in the majority of the individuals 
and species analyzed here (Fig. 4.6-4.7), and therefore this represents a character 
for the lineage including all extant and fossil mole-rat relatives, the Bathyergoidea. 
In this sense, it has been proposed that one of the anatomical features of 
Bathyergoidea is the distal fusion of the tibiae and fibulae (De Graaff, 1971; 
Patterson & Upham, 2014). The results of this study do not support this statement 
for H. glaber anymore, although it corroborates the previous observations made for 





It is remarkable that sociality may have an effect on morphology, especially 
those taxa where physical labor such as digging behavior represents a fundamental 
part of their foraging strategies and life history (Sherman et al., 1991; Bennett & 
Faulkes, 2000). One hypothesis that could explain the simplification of such 
phenotype in species with high levels of sociality (eusociality), is the comparatively 
lower individual effort during burrow excavation as a product of the decreased 
physical activity that the members of the colony must perform when living in 
colonies. In this sense, the rise of large number of colony members in H. glaber, 
which reaches a maximum of 300 individuals per colony, with a mean of 75 (Jarvis 
et al., 1994), may have facilitated the reduction of selective pressures on individuals 
due to cooperative behavior. The fact that digging is not a compulsory task for all 
individuals within the colony, especially in ontogenetic terms (Sherman et al., 
1991), may also have facilitated the evolution of simplified phenotypes within 
colonies. It is also likely that the ancestors of H. glaber may have had a less 
specialized phenotype, so the evolutionary history of this taxon cannot be ruled 
out as a potential explanation. Although F. damarensis is also eusocial, their 
colonies reach lower number of individuals; 41 per colony, with a mean of 16 (Jarvis 
et al., 1994). 
The particularities of the skeletal system reported here for H. glaber are 
concordant with other aspects of their skeletal biology, such as the variable 
presence of molars, which can vary from 2 to 3, and which represents a lower 
number as compared to most bathyergids (4), as well as the vertebral elongation 
observed in sexually mature females. These data suggest a considerably high level 
of skeletal plasticity for this rodent and its study deserves more attention. 
Forelimb morphology in H. glaber. Due to the extreme reduction of 
morphological adaptations observed in the appendicular skeleton of H. glaber in 
comparison to other fossorial mammals, this taxon was removed from the 
ordination analysis in order to observe more clearly the morphological differences 
between groups, thus allowing the conspicuous functional adaptations associated 
with the skeleton to be visible. In general, the limb anatomy and morpho-
functional indices indicate that the morphology of H. glaber more closely 
resembles that of non-specialized mammals. For example, the proximal humerus 
of H. glaber resembles the general aspect of more surface-dwelling mammals such 
as the tenrecid Setifer and Tenrec, while the distal humerus of H. glaber is similar 
to that of the erinaceid Echinosorex, all of which have a terrestrial lifestyle (Salton 
& Sargis, 2008).  
When H. glaber is included in the multivariate analysis, the strongest 
components of variation were associated with the brachial index (BI), 
anteroposterior robustness of the forearm (URI*) and robustness of the humerus 
(HRI) (Table 4.3). This indicates that the variables differentiating H. glaber from 
other bathyergids are associated with the humeral and ulnar proportions (longer 
humerus), which are substantially lower in H. glaber (BI = 0.74), as well as to the 
relatively higher robustness of the ulna (URI* = 0.09) and considerably decreased 
humeral robusticity (HRI = 0.83). The cross-sectional shape of the humerus is very 
distinct in H. glaber (see chapters 5 and 6), and this difference may explain the 
differences as compared to the other bathyergids. In this sense, it is true that the 
lower portion of the diaphysis of H. glaber is considerably thinner than its 
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proximal region, although it is also true that the anteroposterior diameter of the 
humerus is almost ~33% wider than its mediolateral diameter. This contrasts with 
other bathyergids where anteroposterior and mediolateral diameters are relatively 
equal. Thus, the small diameter of the mediolateral aspect of the humerus in H. 
glaber is compensated by a longer cross-section in its anteroposterior axis (Fig. 6.1 
in Ch. 6). Actually, the cross-sectional shape of the humerus is more ellipsoidal in 
H. glaber, similar to the shape of the femur (Montoya-Sanhueza & Chinsamy, 2016; 
and see Ch. 6). It is likely that the longer diameter of the anteroposterior axis in H. 
glaber increases the cross-sectional area of the humerus, as the deltoid tubercle 
does in the rest of the species.  
Additionally, the HRI in H. glaber was taken at a different location as 
compared to the other bathyergids, at 50% of the bone length, which is a slightly 
higher position as compared to the other bathyergids which was at around 60% of 
the bone length due to the presence of the deltoid tubercle at the 58%. For this 
reason, the HRI index may indicate a different aspect of the bone morphology in 
H. glaber, but actually because of the even thinner shape of the humerus in this 
species below the 60% of the bone, even lower values of the index are to be 
expected if measured from a more distal position. 
 
4.4.5 The Skeletal Anatomy of Bathyergids: Implications for Systematics 
The systematic position of Bathyergidae was subject to wide scientific debate 
before the development of the molecular era (Hamilton, 1928; Hill et al., 1957; 
Lavocat, 1978; De Graaff, 1979, 1981). Cranial traits and aspects of their biology and 
reproduction were the main features used to group them into a coherent 
phylogenetic framework. Although its systematic position was in part resolved by 
using musculoskeletal features of the cranial region, some appendicular traits were 
also used to define its taxonomic status within hystricognaths. The absence of the 
entepicondylar foramen on the distal part of the humerus is a shared feature 
between hystricomorph rodents, and only present in early rodents (aplodontoids) 
and some sciuromorphs which tend to retain it (De Graaff, 1979). This feature is 
also lacking in all bathyergids (Fig. 4.1). Another feature that characterizes 
histricines (and sciurines) is the fact that the tibia and fibula are generally free, and 
“only” fuses in murines (De Graaff, 1979, 1981). The unequivocally fusion of the 
tibia and fibula observed in bathyergids was taken as an exception to the histricine 
condition because of their digging habits (De Graaff, 1979). The unfused condition 
is clearly observed in the two sister groups of Bathyergidae within Phiomorpha 
(Upham & Patterson, 2015), Petromuridae and Thryonomyidae, as well as in 
Hystricidae, which is the basal taxon within hystricognath rodents (Upham & 
Patterson, 2015). Thus, the fact that only naked mole-rats presents an unfused 
fibula (Hamilton, 1928; Hill et al., 1957, and this study) it is most likely related to its 
basal position within Bathyergidae (e.g. Faulkes et al., 2004; Upham & Patterson, 
2015), and would represent the plesiomorphic state for this family, while its fusion 
among other genera would represent a synapomorphy. The discovery of some 
specimens of H. glaber having their fibula fused to the tibia (Fig. 4.7) could help to 
explain the mechanisms of how this feature develops among mammals, as well as 








Most species showed similar appendicular anatomy and the inclusion of naked 
mole-rats increased considerably morphological disparity among bathyergids. 
Despite general anatomical similarities, multivariate analyses showed 
differentiation among some species. When such differences are grouped into 
ecomorphological categories including the simultaneous analysis of fore- and 
hindlimb phenotypes (for each individual), they resulted in clear differentiation 
among groups, mostly indicating that some differences exist in their limb ratios 
and proportions. With the exception of H. glaber, social species appeared to have a 
more specialized fossorial phenotype (i.e. to increase digging ability), as well as 
more “cursorial“ locomotor features. On the other hand, solitary species showed a 
relatively less specialized fossorial phenotype, and a more ambulatorial locomotor 
system (except for G. capensis). Other relevant aspect obtained in this study were: 
i) the most variable bones in bathyergids were the zeugopodial elements, and ii) 
gender seems to have a small effect on the external morphology of bathyergids. It 
is concluded that the type of social strategy, as well as the type of excavation had 
an effect on the appendicular system of bathyergids, most probably affecting the 
growth of certain areas of the bone, either their endochondral or intramembranous 
module, or both (see Ch. 3; Montoya-Sanhueza et al., 2019). These features seem to 
affect their activity patterns, although little effort has been put on the 
determination of their locomotor abilities. Due to the wide diversity of social 
strategies in bathyergids, more attention should be placed on these aspects in 
future research. The results of this study suggest that morphological adaptations in 
subterranean organisms are not as homogenous as previously thought, but instead 
they constitute a wide variety of morphological specializations that vary in terms 
of the particular ecological and biological context of the species, and they can 





















APPENDIX 4.1 (next page). Specimens of seven bathyergid species analyzed in this study 
(N = 244), indicating ID code, sex and origin (Wild/Captivity). All species were classified 
into one of the three ecomorphological groups. Additionally, the reported body mass (BM) 
for the species (in g) and presence/absence of sexual dimorphism, based on BM of previous 
reports, are also included (see text for references). Solitary scratch-diggers: Bathyergus 
suillus (>2000 g; Male-biased sexual dimorphism). Solitary chisel-tooth diggers: 
Heliophobius argenteocinereus (260 g; Male-biased sexual dimorphism) and Georychus 
capensis (350 g; No sexual dimorphism). Social chisel-tooth diggers: Fukomys mechowii 
(345 g; Male-biased sexual dimorphism), Fukomys damarensis (234 g; Male-biased sexual 
dimorphism), Cryptomys hottentotus (79 g; Male-biased sexual dimorphism) and 
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APPENDIX 4.3. Jackknifed cross-validations of group assignments obtained from the 
discriminant analysis including all species (N = 216), excluding the morpho-functional 
indices RDP, TRI, TRI* and TJI. A total of 93.06% correctly classified individuals were 
obtained. The misclassified individuals are indicated with an asterisk (*) and pertained to 
the solitary chisel-tooth digger and social chisel-tooth digger groups, accumulating 6.94% 
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APPENDIX 4.4. Jackknifed cross-validations of group assignments obtained from the 
discriminant analysis including all morpho-functional indices but excluding one species, 
Heterocephalus glaber (N = 152). A total of 97.37% correctly classified individuals were 
obtained. The misclassified individuals are indicated with an asterisk (*) and pertained 
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APPENDIX 4.5. Video recordings showing individuals of Heterocephalus glaber performing 
digging behavior using forelimbs and hindlimbs in glass containers lacking any substrate. 
The first video (00:08-00:45) shows an old mature individual using a combination of chisel-
tooth digging and scratch-digging. The second video (00:46-01:19) shows an individual 
performing hindlimb -backwards- digging, typically used to push the soil out of the 
burrow. This colony has been maintained without soil substrate and despite of this, both 
individuals perform intense and repetitive digging behavior, indicating its innate nature. 
This colony was established in the early 1980’s by Emeritus Associate Professor Jenny Jarvis, 
and its animals have ended up in different laboratories in the USA, UK, Germany, France, 
Japan, South Korea, China and Israel (De Blocq, 2016). Videos were recorded in January 
2014, in the Department of Biological Sciences at the University of Cape Town. Copyright © 
Germán Montoya-Sanhueza. Video Editing: Floriane Blanc Marquis. Acknowledgements: 




































An Allometric Approach to Limb Bone 





“But although at all levels there can be shown a relationship between structure and function 
… it cannot be assumed that the relationship is always one of cause and effect, for many 
different causes combine to produce the finished architecture (of bones)…”  
Patrick Desmond Fitzgerald Murray, 1936 
BONES: A STUDY OF THE DEVELOPMENT AND STRUCTURE OF THE VERTEBRATE SKELETON 
 
"… a highly simplified, approximate formula which applies to an astonishingly broad range of 
phenomena, but is neither a dogma nor an explanation for everything. (…) Notwithstanding 
its simplified character and mathematical shortcomings, the principle of allometry is an 
expression of the interdependence, organization and harmonization of physiological 
processes." 
Ludwig von Bertalanffy, 1968 
On the biological meaning of allometric relationships 
GENERAL SYSTEM THEORY 
 
5.1 INTRODUCTION 
Phenotypic variation is a central topic in evolution. The last decades have 
witnessed a considerable interconnectedness between the fields of evolutionary 
morphology and genetics to understand the genetic and developmental origins of 
phenotypic variation. However, the genetic changes that provide the raw material 
for evolution do not act directly on morphology or behavior, but on the course of 
development and the formation of new traits throughout the appearance of new 
pathways (Staddon, 1983; Hall, 2002; Alba, 2002). For this reason, to understand 
the dynamics and mechanisms of morphological evolution, it is crucial to know the 
developmental bases of morphological variation within and among species (Sanger 
et al. 2011; Percival & Richtsmeier, 2017; Franz-Odendaal & Dorit, 2019). The main 
goal of this chapter is to assess the growth patterns of different bathyergid species 
as well as their ossification patterns during postnatal ontogeny. Before doing so, it 




in evolutionary morphology and how this approach can be used to understand 
specific processes associated with aspects of skeletal morphogenesis. A brief 
summary of the processes of ossification and bone modeling in mammals, as well 
as a succinct compilation of the current understanding of somatic growth in 
bathyergids are also provided. 
  
5.1.1 Allometry and Modularity 
A large proportion of structural evolution can be described in terms of relative 
growth (and their allometric approaches), as well as to the development of 
different models of heterochrony (Thomas, 1917; Huxley, 1932; Gould, 1966; von 
Bertalanffy, 1968; Alberch et al., 1979; Minugh-Purvis & McNamara 2002). Most 
morphological studies have focused on understanding the relative growth of 
certain structures, especially with the scaling of body size among species. 
Ontogenetic allometry has also been relatively well assessed (Dodson, 1975; 
Carrier, 1983; Sánchez-Villagra, 2002; Echeverría et al., 2014; Moyano et al., 2019), 
although less attention has been placed on understanding the more specific 
processes that generate such morphological diversity, such as the cellular and 
molecular bases of morphological heterochrony (Raff & Wray, 1989; Klingenberg, 
2013; Cubo et al., 2006; Spicer, 2006). Allometric approaches usually focus on the 
linear relationship between body size and either a simple or a more complex shape 
(based on linear measurements, morpho-functional indices, complex forms in 2D 
or 3D imaging). However, the quantification of complex structures usually implies 
that the measurements representing a shape are composed of different parts. For 
example, the mammalian skull length, usually measured from the tip of the snout 
to the posterior part of the skull, includes different bones within its range, e.g. 
nasals, frontals, parietals, and occipital. Thus, such analyses provide an indication 
of the relationship between two complex –multivariate and multifactorial—
systems (e.g. Von Bertalanffy, 1969), the measured structure (e.g. skull shape) and 
the size of the organism (usually body mass). This kind of analysis is highly 
relevant to have an idea of the magnitude and type of changes between systems, 
and it has been widely used to reconstruct the trends of morphological diversity 
and evolution in several animal clades (see references above). However, such 
analysis does not provide information about the cell-tissue mediated mechanisms 
responsible of such morphological diversity. Complex structures in animals are 
formed by several components, having independently ‘’unique growing parts” (Raff 
& Raff, 1987; Raff & Wray, 1989; Atchley & Hall, 1991). The case of the skeletal 
system is not the exception, and rather represents a constant of “modularity” (e.g. 
Koyabu et al., 2011; Esteve-Altava, 2017). Thus, even when a bone appears as a 
unique independent unit (e.g. the mammalian skull or dentary), it is actually 
composed of several parts, which have been defined as morphological modules 
(Atchley et al., 1985; Atchley & Hall, 1991; Anthwal & Tucker, 2012). In the example 
of the mammalian skull, this is composed of around 29 bones, which have different 
ossification types (Enlow, 1963; Sperber, 2001). Even at this level, when we consider 
all modules formed by one type of ossification, there will be differences in the rates 
of formation for each of those modules (Enlow, 1963; Sperber, 2001). These 
processes have been established in the developmental pattern of mammals 




(Atchley & Hall, 1991), even from early evolution of therapsid lineages (Jasinoski & 
Chinsamy, 2012). This means that the entire shape or form of a structure cannot be 
reduced or analogized to a unique process of growth, since a structure will be 
composed of different cell lineages (envelopes) with distinct growth dynamics. The 
following corollary is obtained: “the growth of a system is not necessarily 
homologous to the growth of its components”. Thus, allometric coefficients of 
morphometric studies usually represent size or shape rates and not actual growth 
(e.g. appositional) rates (Simpson et al. 1960; Gould 1966; Nelson & Shump 1978; 
Abdala et al., 2001). Additionally, bivariate ontogenetic allometry usually examines 
the relationship between localized (one part) versus global (one system) rates of 
growth (Klingenberg, 2013; Sanger et al., 2011). Thus, to understand morphological 
change, it is important to identify the “independent” modules, its contribution to 
the final phenotype, and their interconnectedness with respect to other modules. 
 
5.1.2 Bone Modules and Ossification in Mammals 
Early work on the conceptualization of morphological modules derives from the 
research of Olson & Miller (1958) on morphological integration, which focused on 
phenotypic correlation within subsets of morphological traits. Nowadays, several 
definitions of “module” exist and not all of them represent developmental units 
(Klingenberg, 2013; Assis et al. 2016; Esteve-Altava, 2017). One definition of 
developmental modules corresponds to a set of cells, genes, or tissues that are 
relatively independent with respect to the pattern of formation and differentiation, 
or an autonomous regulatory control (Assis et al. 2016). In this study, a 
developmental unit will be the basis of the analysis, since its study will provide 
information on how an “independent” growth trajectory is responsible for 
producing key changes in the overall phenotype of an organism during 
morphogenesis (Enlow, 1963). 
Two main ways of ossification take place in the mammalian skeleton, 
endochondral and intramembranous ossification (Enlow, 1963; Hall, 2015). Since 
these processes are regulated by different gene expression factors and are formed 
by different mesenchymal cells, they represent relatively “independent” 
developmental entities (Hall, 2015). Ossification types are distributed unequally 
within the skeleton. For instance, the morphogenesis of the skull and dentary bone 
includes the mandibular condyle, intramembranous sutures, the periodontal 
membrane, the alveolar margin, and synchondroses among others (Enlow, 1963). 
In comparison, the morphogenesis of a long bone is relatively simpler in 
complexity and occurs within one unique structural entity (e.g. the humerus), 
which involves primarily endochondral ossification but also intramembranous 
ossification (Enlow, 1963). In the appendicular system, endochondral ossification is 
responsible for main changes in bone elongation, while intramembranous 
ossification is responsible for changes in bone expansion (radial thickening), 
specifically in the diaphysis and secondarily in metaphyses (Fig. 5.1A). Thus, the 
independent quantification of such osteogenic process permits a simplified but a 
more realistic view of the individual contribution of bone modules to attain its 




interrelationships between the independent developmental modules, i.e 
integration (e.g., Cubo et al., 2006; Sanger et al., 2011; Koyabu et al., 2011). 
This approach was recently applied (see Ch. 3) to an ontogenetic series of 
the largest subterranean mammal, the Cape dune mole-rat, Bathyergus suillus, and 
showed that endochondral modules were less variable than intramembranous 
modules when regressed against proxies of body size, thus indicating that 
fluctuating rates of intramembranous osteogenesis during postnatal life plays an 
important role in its ontogenetic variability and skeletal morphology (Montoya-
Sanhueza et al. 2019). These authors compared their results with another 
convergent subterranean species, the tuco-tuco, Ctenomys talarum (Ctenomyidae) 
to demonstrate the presence of distinct developmental patterns in bone 
specialization between these taxa, probably associated with adaptive modifications 
of their bone growth rates (Montoya-Sanhueza et al. 2019). These data suggest that 
certain ossification types are probably more susceptible to local adaptation and 
environmental cues during ontogeny (Echeverría et al., 2014; Montoya-Sanhueza et 
al. 2019), and therefore may be an important factor to consider for understanding 
bone adaptation. 
A more sophisticated approach for the study of ossification of long bones 
involved the phylogenetic contrasts performed by Cubo (2000) and Cubo et al. 
(2002, 2006) in a group of subterranean species (Arvicolidae). Although the 
conceptualization of bone modularity was lacking in the latter studies, these 
authors identified the role of independent ossification mechanisms orchestrating 
bone phenotyping and speciation. They demonstrated that morphological 
specializations were already present in juvenile stages, suggesting that 
morphological differences (and speciation processes) are the direct expression of 
genetic changes (most likely expressed throughout development) rather than the 
outcome of epigenetic factors of mechanical origin (Cubo et al., 2006). These 
authors showed that the analysis of linear regressions and allometries are 
important tools to understand the specific mechanisms acting on morphogenesis 
during ontogeny and evolutionary process. 
 
5.1.3 Bone Modeling: An Interaction of Different Developmental Modules 
Mammals have evolved in such extraordinary ways and have resulted in a wide 
diversity of skeletal sizes and shapes, in comparison to other vertebrates. Despite 
huge differences in size and shape between mammals, the process by which their 
skeletons attain their size and shape is the same, i.e. through bone modeling 
(Enlow, 1963; Frost, 1969). Bone modeling is the process involving formation and 
resorption of bone tissues (not necessarily coupled), which is principally associated 
with the growth of the bone and resulting in changes in its shape and size (Frost, 
1969, 1987; Parfitt, 2010; Allen & Burr, 2014). This is equivalent to Enlow’s term 
“growth remodeling” (Enlow, 1963). Bone modeling involves the interaction of 
different chondrification and ossification mechanisms as well as the differential 
local and systemic regulation of bone dynamics (throughout catabolism and 
anabolism) (Lanyon et al., 2009; Parfitt, 2010). It differentiates from bone 
remodeling since the latter is the process of replacement of bone tissues (also often 
referred to as secondary reconstruction) and which usually involves coupled bone 




resorption and formation mainly along endosteal, intracortical and trabecular 
envelopes (Frost, 1969, 1987; Parfitt, 2010; Allen & Burr, 2014). The lining of bone 
forming and resorbing cells on the outer and inner surfaces of the bones, gives rise 
to distinctive bone envelopes or membranes with distinct properties, receptors and 
expression mechanisms (Enlow, 1969; Frost, 1969; Biewener & Bertram, 1993; 
Morgan et al. 2010b; Stout & Crowder, 2012; Burr & Akkus, 2014). In long bones, 
bone modeling is initially carried out by endochondral ossification and growth 
plate activity at epiphyses, while intramembranous ossification takes place around 
the diaphysis and metaphysis by direct bone apposition (Fig. 5.1A) (Murray, 1936; 
Moss-Salentijn, 1991; Hall, 2015). In mammals, long bone growth is also completed 
by secondary centers of ossification at the epiphyses, which represents another 
endochondral module (see below). Intramembranous ossification involves both 
periosteal (centrifugal) and endosteal (centripetal) bone formation, which occurs 
in the external and internal layers of bone, respectively (Fig. 5.1B). The periosteum 
lines the outer surface of nearly the entire long bone and contributes to 
appositional bone growth during bone development and it is responsible for the 
expansion of the diameters of the long bones through ontogeny (Morgan et al. 
2010). The endosteum lines the inner surfaces of bones and consists of bone 
surface cells, including osteoblasts and bone lining cells (Morgan et al. 2010). If this 
latter envelope is active (non-resorptive), it also contributes to appositional growth 
within the medullary cavity, resulting in bones with thick cortical walls, typical of 
fossorial and semiaquatic species (Wall, 1983; Biknevicius, 1993; Casinos et al., 1993; 
Montoya-Sanhueza & Chinsamy, 2017). In many terrestrial mammals, trabecular 
components of endochondral origin become progressively removed by resorption 
during growth and are replaced by cancellous bone of an endosteal type (Enlow, 
1963). This process initiates around the metaphyseal regions, closer to the 
(epi)condyles of stylopodial bones (humerus and femur) (Fig. 5.1A). Thus, this 
region represents the interface between endochondral and periosteal bone 
formations (Hall, 1978; Moss-Salentijn, 1992), and involves the interaction of two 
different developmental modules through a process that results in the 
incorporation of trabecular bone into cortical bone, traditionally denominated 







FIGURE 5.1. Ossification types and bone modularity. Generalized long bone anatomy and 
topographical distribution of endochondral and intramembranous ossification. A) 
Humerus showing (proximal and distal) epiphyses, metaphyses and diaphysis. 
Endochondral ossification (blue line) occurs in the growth plates and results in bone 
elongation. B) Mid-shaft cross-section showing cortical bone and the location of 
intramembranous ossification, specifically showing external (periosteal) and internal 
(endosteal) bone modules, which results in radial bone thickening. 
 
5.1.4 Body Growth in African Mole-Rats 
Numerous ecological studies have assessed the general growth trends of body mass 
in bathyergids (Taylor et al., 1985; Bennett & Jarvis, 1988; Bennett, 1989; Burda, 
1989; Bennett & Aguilar, 1995; O'Riain, 1996; Bennett & Navarro, 1997; O'Riain & 
Jarvis, 1998; Scharff et al., 1999; O'Riain et al., 2000; O’Connor et al. 2002; Malherbe 
et al., 2003; Šumbera et al., 2003; Herbst et al., 2004; Janse Van Rensburg et al., 
2004; Hart et al., 2007; Henry et al., 2007; Young & Bennett, 2010; Zöttl et al., 2016; 
Ruby et al., 2018; Thorley et al., 2018). Bennett et al. (1990, 1991) have the 
distinction of having studied the body growth of African mole-rats in a 
comparative way. However, only some of these studies measured skeletal 
parameters such as body length (Bennett et al., 1990; O'Riain & Jarvis, 1998; 
Šumbera et al., 2003; Henry et al., 2007; Young & Bennett, 2010; Thorley et al., 
2018). In general, the body growth of bathyergids is represented by slow growth 
rates as compared to other non-subterranean mammals of similar size (Bennett et 
al., 1991; Brett, 1991; Jarvis et al., 1991; O’Riain, 1996; Bennett & Navarro, 1997; 




O’Riain & Jarvis, 1998). Social bathyergids seem to show extremely low mean 
maximum growth rates when compared to solitary ones (Bennett et al., 1991), 
especially naked mole-rats, which show the slowest growth rates among all 
bathyergids (O’Riain, 1996; O'Riain & Jarvis, 1998). It has been suggested (Bennett 
et al., 1991; O’Riain, 1996) that the slow growth rates observed in naked mole-rats 
(and probably other social bathyergids) is related to their poor ability to regulate 
and sustain high body temperatures (poikilothermic thermoregulation) and low 
metabolic rates, as well as to a number of complex sociobiological factors acting 
upon them, including incorporation of pups into established hierarchies, overlap of 
litters, cooperative care of young and the strict socially-induced sterility imposed 
upon individuals in the colonies, i.e. delayed puberty (McNab 1966; Withers & 
Jarvis 1980; Lovegrove 1986; Buffenstein & Yahav, 1991; Bennett et al., 1994, 1996; 
Bennett & Aguilar, 1995; Pinto et al., 2010). Interestingly, sociality seems not to be a 
constraint for reaching high growth rates, since the highest growth rates among 
the social mole-rats have been found in Fukomys mechowii, which is the largest 
social mole-rat, and resembles that of the solitary species, Georychus capensis and 
Bathyergus janetta (Bennett & Aguilar, 1995; Scharff et al., 1999). Some authors 
suggested higher growth rates in larger body-sized species (Scharff et al., 1999). 
Only one study has assessed the growth patterns of the appendicular 
skeleton in bathyergids (Ch. 3, Montoya-Sanhueza et al., 2019). In the present 
chapter, the growth patterns of all bathyergid species are assessed to determine the 
rates of bone growth. Changes in the rate of growth can produce either 
acceleration, when the rate increases, or neoteny, when there is a retardation in the 
growth rate (McNamara, 1997). Acceleration implies fast growing and results in 
peramorphosis, that is, more shape change and an increase in 
structural/morphological complexity, while the contrary occurs under neoteny, 
which implies slow growth resulting in paedomorphosis, that is less shape change 
and decrease in complexity (McNamara, 1997).  
In this study, two hypotheses are assessed. The first is related to the relative 
bone growth rates between fore- and hindlimbs (Hypothesis B, in Ch. 1). Previous 
studies on extant mammals with various locomotor modes, gaits, postures and 
sizes that included marsupials, lagomorphs, rodents, scandentians and primates, 
found that hindlimb elements generally grow much faster than the homologous 
forelimb elements (Carrier, 1983; Lammers & German, 2002; Schilling & Petrovitch, 
2006; Young, Fernandez & Fleagle, 2010). Due to the importance of the pectoral 
girdle and forelimb bones for burrow construction in bathyergids (e.g. Genelly, 
1965; Jarvis & Sale, 1971), the humerus, ulna and humerus+ulna will show faster 
growth rates as compared to their serial homologues, the femur, tibia-fibula, 
femur+tibia-fibula, respectively. It is expected that the forelimb elements will show 
higher slopes, thus indicating comparatively faster/earlier rates of maturity than 
hindlimb bones.  
The second hypothesis (Hypothesis C, Ch. 1), explores the differences in 
growth rates between endochondral and intramembranous ossifications during 
ontogeny. It is expected that because of the differences in the timing of epithelial 
cell production and growth plate conservatism (predetermination), endochondral 
ossification will show a more stable pattern of bone growth, and therefore faster 




variable due to the constant de novo cell formation at periosteal surfaces. 
Additionally, based on the results of the Ch. 4, where external bone morphology 
was found to be similar among species (except for H. glaber), it is expected that 
there would be similar growth rates for all bathyergids, except for H. glaber, which 
is expected to have comparatively lower growth rates. The results obtained in this 
study are discussed in terms of general growth patterns in bathyergids, and 
especially in terms of differences between social and solitary species, but also with 
emphasis on the neotenic tendency suggested for naked mole rats (Skulachev et 
al., 2017). Comparisons with terrestrial (surface-dwelling) mammals are also 
presented. 
 
5.2 MATERIAL AND METHODS 
5.2.1 Specimens 
Postnatal ontogenetic series from seven bathyergid species (Bathyergus suillus, 
Heliophobius argenteocinereus, Georychus capensis, Fukomys mechowii, F. 
damarensis, Cryptomys hottentotus and H. glaber) involving 307 specimens from 
both sexes were analyzed. Ontogenetic series are based on age and body size of the 
individuals, as well as considering features of the skeletal development such as 
fused or unfused epiphyses and dental development (see Ch. 2 for more details). 
The specimens included representatives of early and late stages of ontogeny 
available for each species. Specimens were selected from either captive conditions 
or they were collected in the field by other researchers. A list of researchers that 
provided specimens and their associated institutions are presented in Ch. 2.  
Fore- and hindlimbs were dissected from each specimen, although some 
specimens are represented by the forelimb only, and other specimens are 
represented by the hindlimb only. For this reason, the total number of specimens 
analyzed for the forelimb is higher than for the hindlimb (Table 5.1). Sample size, 
bone length and general descriptive statistics for each bone element and species 
are given in Table 5.1. Tables 5.2-5.4 show descriptive statistics for bone diameters 
and (epi)condyles. 
Most specimens were skeletonized exclusively for this study, although 
some specimens were already skeletonized prior to this study (e.g. some specimens 
of B. suillus, G. capensis and F. damarensis). Other specimens like pups and 
juveniles, were already diaphanized at collection, so the measurements were 
obtained directly on such specimens or after photographing them. Small bones 
(especially from neonates and juveniles) were photographed using a 
stereomicroscope (Nikon SMZ 745T), and then analyzed in Image Pro-Plus version 
4.5 (Media Cybernetics, Silver Spring, USA). 
 
5.2.2 Proxies of Body Size 
For all specimens, general data of body mass (BM) and body length (BL) were 
obtained (see Ch. 2). Most measurements of BM were taken by different 
researchers, so certain degree of measurement error is assumed to be present in 
the analyses. Additionally, almost all BM measurements were obtained at death, 
except for H. glaber which were done after defrosting the specimens. For this 




reason, the body masses of this species may be underestimated and may affect the 
respective allometric estimations. However, the underestimation of body masses in 
allometric analysis should not have a strong effect on slope estimates, but on their 
elevation and/or intercept, since the equal lack of mass in the specimens along the 
ontogenetic sequence will result in a shift of the “x” axis (horizontal shift towards 
right side). Nevertheless, such results will be interpreted with caution, although it 
should be noted that elevation/intercept parameters are not assessed in this study. 
However, to counteract these aspects, BL was also included in the 
comparisons, all of which were taken by the author of this thesis (see Ch. 2). The 
regressions of these two proxies would help to compare their results and thus 
reduce biases obtained from the fluctuations of BM. All specimens are housed in 




Fourteen linear measurements were recorded from forelimbs (humerus and ulna) 
and hindlimbs (femur and tibia-fibula) of each specimen. A total of 1132 bones were 
analyzed (Table 5.1). Linear measurements were recorded using a digital Mitutoyo 
caliper (0.01 mm) and are fully described in the Ch. 3 (Montoya-Sanhueza et al., 
2019). In this study, the anteroposterior diameter of the femur (APDF) is also 
added to the analysis. This parameter was measured at the 50% of the femoral 
length from its proximal epiphysis. All limb bone measurements were taken by the 
author of this thesis and followed standard linear measurements (e.g. Montoya-
Sanhueza et al., 2019; and references therein). In addition to the 14 linear 
measurements, two more measurements were calculated; the total length of the 
forelimb (HL+UL) and hindlimb (FL+TL) for each specimen, which represent the 
sum of the individual stylopodial and zeugopodial elements for each limb. 
Some specimens lacked one or both of their epiphyses, especially the 
proximal epiphysis of the humerus and proximal and distal epiphyses of the ulna. 
In such cases, additional measurements of individual epiphyses from specimens 
with available epiphyses were taken and then regressed against the total length of 
the bone (the “x” variable). Ordinary least square (OLS) regressions were 
performed for this, since this type of regression works better for estimation and 
prediction of the “y” parameter (Warton et al. 2006). The estimated values 
obtained from the OLS regressions were added to the length of the bone lacking 
epiphyses. 
Since H. glaber lacks a well-developed deltoid tubercle in the humerus (see 
Fig. 4.5 in Ch. 4), the anteroposterior (APDH) and mediolateral (TDH) diameters 
were taken at the 50% of the total length of the humerus, from the proximal 
epiphysis (see Fig. 6.1A in Ch. 6;). In general, in all other bathyergids, this point of 
the diaphysis is occupied by the deltoid tubercle (Fig. 4.5 in Ch. 4;), and it is of 
functional significance since it reflects the area of the diaphysis that is most 
affected by bending and torsion during digging behavior (Lepännen et al., 2006; 
Montoya-Sanhueza et al., 2019). For this reason, the anteroposterior and 




measured more distally in relation to the proximal epiphysis (>50%) (see Fig. 6.1B 
in Ch. 6;). 
 
5.2.4 Bone Modules and Osteogenesis 
In this study, linear measurements associated with bone elongation (e.g. HL, UL, 
FL, TL, HL+UL and FL+TL) are considered as part of the endochondral bone 
module, while the measurements associated with radial bone thickening (e.g. 
TDH, TDU, TDF, TDT, APDH, APDU, APDF and APDT), are considered to reflect 
the intramembranous bone module (Ch. 4; Montoya-Sanhueza et al., 2019). Since 
this study focusses on the external diameters of bones, the measurements 
associated with the intramembranous ossification are defined from here onwards 
as the periosteal bone module (Fig. 1B).  
 
5.2.5 Bivariate Allometry and Statistical Design 
Linear measurements were analyzed by standardized major axis (SMA) estimation 
(Model II regression, RMA) (Warton et al., 2006). This type of regression was 
chosen over ordinary least square regressions (OLS) and major axis (MA) 
estimation types because the main goal of this study is to determine the 
relationship between two variables which are not necessarily independent in the 
strict sense, so it is assumed that both variables contain error to some extent 
(Warton et al., 2006). In this study, the slope of the equation was used as an 
estimator of bone growth, and it was used to test common allometric patterns 
between species (e.g. Gould, 1977; Alba, 2002; Moyano et al. 2019). Coefficients of 
determination from each regression were also used to estimate the interrelatedness 
between linear measurements and body size as well as between ossification types. 
Three main sets of bivariate regressions were done: i) the first accounted 
for independent determination of growth patterns in endochondral modules (for 
both fore- and hindlimbs), ii) the second for determination of growth patterns in 
periosteal modules (for both fore- and hindlimbs), and iii) the third for 
determination of growth patterns between endochondral and periosteal modules 
(its interaction). The first analysis included a series of regressions of all parameters 
regressed against BM and BL (e.g. HL vs BM). This analysis also included intra-
limb (proximal vs distal elements) and inter-limb (serial homologues) 
comparisons. The second analysis for periosteal modules followed the same 
procedure as the first one (e.g. TDH vs BM). The third analysis tested the 
allometric trends of all periosteal and (epi)condylar modules against their 
respective bone lengths (e.g. TDH vs HL). 
Those analyses consisted of two steps: i) the first to assess the significance 
of the deviations from isometry in the allometric coefficients, and ii) the second to 
test for a common interspecific coefficient of allometry between species for a given 
variable. Departures from isometry were assessed by inspection of slopes (b) and 
fitting to the 95% confidence intervals (CI) by testing the null hypothesis b = 1.0 
when comparisons of the scalars are in the same unit (e.g. mm), and b = 0.33 when 
comparisons involve different units (e.g. mm or g). If the CI excluded a value of 1.0 
(or 0.33), then allometry was considered significant, and significance p-value was 
also provided (see Warton et al. 2012). If the slope is <1.0 (or <0.33), there is 




negative (-) allometry, and therefore a decrease in size of the “y” variable; if the 
slope is >1.0 (or >0.33), there will be positive (+) allometry and therefore an 
increase in size of the “y” variable. In this study, proxies of body size (BL and BM) 
are always plotted in the “x” axis, to highlight the effect on the “y” variable. Testing 
for common slopes between species was performed by likelihood ratio test 
(Warton et al., 2006). This procedure is done through the argument multcomp=T 
(Warton et al., 2012). Pairwise multiple comparisons were performed by using the 
argument multcompmethod=“adjust”, which uses adjusted p-values via the Šidák 
(post-hoc) adjustment to counteract the problem of multiple comparisons in a 
conservative way (Warton et al., 2012, and references therein). A p-value <0.05 (or 
equal) was used for all tests. All data were log10 transformed prior to analysis. Tests 
and plots were performed in PAST version 2.17c (Hammer et al., 2001) and in R 
package smatr version 3.4-8 (Warton et al., 2012). 
 
5.3 RESULTS 
A detailed description of long bone measurements of each species is given in 
Tables 5.1-5.4. Boxplots of bone lengths are shown in Figure 5.2.  
Regression of body length and body mass. The likelihood ratio test 
showed that species have equal slopes (p-value: 0.095) and did not differ from a 
common isometric line (p-value: 0.106). Pairwise multiple comparisons also 
showed non-significant differences among species (Appendix 5.1). However, 
independent allometric estimations for each species showed that F. mechowii had 
negative allometry, i.e. body length grew relatively less than body mass (Table 5.5; 

























TABLE 5.1. Total number of bones (n = 1132) and specimens (N = 303) analyzed, and 
descriptive statistics of bone lengths for Bathyergus suillus, Heliophobius argenteocinereus, 


















TABLE 5.2. Total number of specimens and descriptive statistics of mediolateral bone 






TABLE 5.3. Total number of specimens and descriptive statistics of anteroposterior bone 
diameters for bathyergid species. See taxonomic abbreviations in Table 5.1. 
 
 
TABLE 5.4. Total number of specimens and descriptive statistics of (epi)condylar widths 
for bathyergid species. See taxonomic abbreviations in Table 5.1. 




FIGURE 5.2. Boxplots of bone lengths (fore- and hindlimb bones) showing mean values for 
all specimens and species analyzed in this study. Associated descriptive data is presented in 
Table 1. Legend: mean (central black dot); standard error (shorter whiskers); standard 
deviation (longer whiskers). Arrows within bones indicate direction of endochondral 
ossification. See taxonomic abbreviations in Table 5.1.  
 
 
TABLE 5.5. Results of the regressions between body length (BL) and body mass (BM) for all 
species of bathyergids analyzed here. Growth trend is indicated in parenthesis next to the 








FIGURE 5.3. Bivariate scatterplot of regressions for proxies of body size; body length (BL) 
and body mass (BM). All species showed isometry, except F. mechowii, which showed 
negative allometry (Table 5.5). 
 
5.3.1 Endochondral Ossification 
Here, bone lengths are regressed against BM and BL. The coefficient of correlation 
(r2) is used to estimate the variability of the ossification module with respect to the 
proxies of body size, while the regression analysis is performed to determine the 
general growth trend between the ossification module and the proxy of body size. 
In general, all the regressions using both proxies of body size showed the same 
pattern, i.e., the growth pattern of bone elongation was more variable when 
assessed against BL than for BM. Pairwise comparisons were performed and all of 
them showed significant differences (inequal slopes) among bathyergids, although 
these differences were principally due to the distinct growth trends of H. glaber 
(and sometimes G. capensis) (Appendix 5.2-5.3). Same procedures were used for 
the periosteal module and (epi)condylar growth in sections 5.3.2 and 5.3.3. 
 
5.3.1.1 Endochondral Module: Forelimb 
Regressions resulted in high coefficients of determination for almost all species (r2 
= 0.70 or higher) except for H. argenteocinereus and H. glaber (Table 5.6). 
Coefficients of determination were similar between BM and BL regressions, 
although quite variable among species. Two main trends were observed in the 
growth patterns: i) the pattern of bone elongation was more variable when 




assessed against BL, and ii) H. glaber showed mostly negative allometry, which 
differs from other bathyergids. Test for equality of slopes showed significant 
differences (p<0.001) among species, although the pairwise comparisons showed 
that most of such significant differences were explained by H. glaber (and 
sometimes G. capensis) having lower slopes (Appendix 5.2). 
 
5.3.1.2 Endochondral Module: Hindlimb 
Regressions resulted in high determination coefficients for almost all species (r2 = 
0.70 or higher) except for H. argenteocinereus, C. hottentotus and H. glaber. In 
general, these values were slightly higher as compared to the forelimb (Table 5.6). 
Within C. hottentotus, the lowest value was found in the tibial length (TL) against 
BL (r2 = 0.698; Table 5.7). Like in the forelimb, coefficients of determination were 
similar between BM and BL regressions, and regarding to growth patterns, bone 
elongation was more variable when assessed against BL. H. glaber showed mostly 
negative allometry, differing from most bathyergids. Test for equality of slopes 
showed significant differences (p<0.001) among species, although the pairwise 
comparisons showed that most of such significant differences were explained by H. 
















































































































































































































































































































































































































































































































































5.3.1.3 Intralimb Comparisons  
Forelimb (UL vs HL). All regressions showed high coefficients of 
determination (r2 = 0.80 or higher), although again H. glaber showed the lowest 
scores (Table 5.8). All species showed isometric growth, except F. damarensis 
which showed positive allometry of the ulna (i.e. ulna grows relatively more than 
the humerus). Test for equality of slopes showed significant differences (p = 0.02) 
among species, although the pairwise comparisons showed that such differences 
were explained by differences between Fukomys spp, where F. damarensis showed 
higher slopes (Table 5.8; Appendix 5.4). Although almost all species showed 
isometric growth between the humerus and ulna, the ulna was always longer than 
the humerus, and only H. glaber showed similar lengths for those bones (Table 5.1; 
Fig. 5.2). Although they have symmetric limb bone proportions (Table 5.1; Fig. 5.2; 
also see Ch. 4), H. glaber showed the lowest coefficients of determination among 
species (Table 5.8). 
Hindlimb (TL vs FL). All regressions showed high determination 
coefficients (r2 = 0.85 or higher). Four species showed isometric growth, except B. 
suillus, C. hottentotus and H. glaber that showed negative allometry (i.e. tibia 
grows relatively less than the femur) (Table 5.8). Test for equality of slopes showed 
significant differences (p<0.001) among species, and the pairwise comparisons 
showed that such differences were explained by H. glaber having significantly 
lower slopes as compared to B. suillus and Fukomys spp. (Table 5.8; Appendix 5.4). 
In the hindlimb of bathyergids, the tibia was always shorter than the femur, 
although H. glaber again showed similar lengths for these bones (Table 5.1; Fig. 
5.2).  
 
TABLE 5.8. Intralimb regressions showing independent comparisons of the endochondral 
module for fore- and hindlimbs (i.e. zeugopodial elements regressed against stylopodial 
elements). See abbreviations in Tables 5.1 and 5.5.  
 
5.3.1.4 Interlimb Comparisons 
Stylopod (HL vs FL). In general, the humerus is the shortest limb bone 
among all species, except in G. capensis, F. mechowii and H. glaber which showed 
similar lengths to the femur (Table 5.1; Fig. 5.2). Regressions between stylopodial 




serial homologous (humerus and femur) showed high coefficients of determination 
(r2 = 0.90 or higher). These were even higher than for the intralimb comparisons. 
Isometry was the main trend, although negative allometry of the humerus was also 
observed for G. capensis, F. damarensis and H. glaber (i.e. the humerus grew 
considerably less than the femur) (Table 5.9). Despite of this, test for equality of 
slopes and pairwise comparisons showed equal slopes for all species (Table 5.9; 
Appendix 5.4). 
Zeugopod (UL vs TL). In general, the ulna is usually the longest bone of all 
limb bones, except in F. damarensis and H. glaber, where ulna (and tibia) showed 
similar lengths (Table 5.1; Fig. 5.2). The zeugopodial serial homologous showed 
slightly lower coefficients of determination (r2 = 0.80 or higher) as compared to 
stylopodial elements but were similar to the intralimb comparisons (Table 5.9). 
Thus, zeugopodial elements seem relatively less correlated to each other than 
stylopodial elements. Isometry was predominant, although B. suillus and C. 
hottentotus showed positive allometry of the ulna (i.e. the ulna grew considerably 
more than the tibia). The test for equality of slopes showed significant differences 
(p<0.001) and pairwise comparisons showed differences among B. suillus and C. 
hottentotus, but also for Fukomys (Table 5.9; Appendix 5.4). 
Forelimb versus Hindlimb (HL+UL vs FL+TL). In terms of whole limb 
growth, regressions also showed high determination coefficients (r2 = 0.90 or 
higher), and mostly isometric growth trends, although B. suillus and C. hottentotus 
showed positive allometry, and F. damarensis showed negative allometry (Table 
5.9). The test for equality of slopes showed significant differences (p<0.001) and 
pairwise comparisons also showed differences among B. suillus and C. hottentotus, 
























TABLE 5.9. Interlimb regressions showing independent comparisons of the endochondral 
module for stylopodial and zeugopodial elements (i.e. forelimb elements regressed against 
hindlimb elements). See abbreviations in Tables 5.1 and 5.5.  
 
 
5.3.2 Periosteal Ossification 
5.3.2.1 Periosteal Module: Forelimb 
Coefficients of determination for periosteal modules were highly variable, ranging 
from very low values in G. capensis (0.135) to high values in F. damarensis (0.929) 
(Table 5.10). In general, this module was much less correlated to body size as 
compared to the endochondral modules of the same limb (Table 5.6). The 
coefficients of determination for BL and BM were relatively similar. Periosteal 
modules also showed variable growth patterns, although the pairwise comparisons 
showed less significant differences for those patterns (Table 5.10). Contrary to the 
endochondral module where most interspecific differences were associated to H. 
glaber, the differences of the periosteal module were associated to different 
species. Thus, H. glaber did not differ considerably in periosteal growth patterns as 
compared to other species. The variance observed in the periosteal module 
contrasts considerably with the variance of the endochondral module of the 
forelimb. Test for equality of slopes showed significant differences (p<0.001) 
among species, and the pairwise comparisons showed some differences between 
species, not associated uniquely to H. glaber (Appendix 5.5-5.6). 
 
5.3.2.2 Periosteal module: hindlimb 
Periosteal ossification in the hindlimb also showed highly variable coefficients of 
determination, ranging from extremely low values in G. capensis (0.012) to high 




values in F. damarensis (0.928) (Table 5.11). The coefficients of determination for 
the BL were slightly lower than for BM, thus indicating the higher variability of the 
hindlimb bones. The variance observed in the periosteal module contrasts 
considerably with the variance of the endochondral module of the hindlimb (Table 
5.1). Test for equality of slopes showed significant differences (p<0.001) among 
species, and the pairwise comparisons showed some differences between species, 
again not associated uniquely to H. glaber (Appendix 5.7-5.8) 
 
5.3.2.3 Intralimb Comparisons 
(TDU vs TDH). Coefficients of determination for TDU and TDH ranged 
from 0.266 (H. argenteocinereus) and 0.923 (F. damarensis) (Table 5.12). Test for 
equality of slopes showed significant differences (p<0.001) among species, and the 
pairwise comparisons showed that almost all species showed equal slopes, except 
F. damarensis which showed higher slopes as compared to G. capensis and C. 
hottentotus (Table 5.12; Appendix 5.9).  
(APDU vs APDH). Coefficients of determination for APDU and APDH 
were higher as compared to mediolateral diameters in humerus and ulna and 
ranged from 0.418 (H. glaber) and 0.932 (F. damarensis) (Table 5.12). The APDU 
showed always isometry or positive allometry respect to APDH, i.e. the 
anteroposterior diameter of the ulna grows more or equally to the anteroposterior 
diameter of the humerus. However, pairwise comparisons showed that all species 
showed equal slopes (Appendix 5.9). 
(TDT vs TDF). Coefficients of determination for TDT and TDF ranged from 
0.441 (H. argenteocinereus) and 0.916 (F. damarensis) (Table 5.12). All species 
showed isometry, except G. capensis that showed negative allometry. However, 
pairwise comparisons showed that all species have equal slopes (Appendix 5.9).  
(APDT vs APDF). Coefficients of determination for APDT and APDF were 
relatively lower as compared to mediolateral diameters of the femur and tibia-
fibula, and ranged from 0.309 (H. argenteocinereus) and 0.798 (G. capensis) (Table 
5.12). This indicates more variation in the anteroposterior periosteal module of the 
hindlimb as compared to the mediolateral diameter. The APDT showed mostly 
positive allometry and isometry respect to APDF, which is like the observations of 
the ulna and humerus. This indicates that the anteroposterior diameter of the 
tibia-fibula grew more or equally to the anteroposterior diameter of the femur. 
Only C. hottentotus showed a statistically significant lower slope than H. 
argenteocinereus and B. suillus. Pairwise comparisons showed that almost all 
species showed equal slopes, except C. hottentotus that showed the lowest slopes 

















































































































































































































































































































































































































































































































TABLE 5.12. Intralimb regressions showing independent comparisons of the periosteal 
module for fore- and hindlimbs (i.e. zeugopodial elements regressed against stylopodial 
elements). See abbreviations in Tables 5.1 and 5.5.  
 
 
5.3.2.4 Interlimb Comparisons  
Stylopod (TDH vs TDF). Coefficients of determination ranged from 0.314 
(H. glaber) and 0.924 (F. mechowii). Most growth trends showed isometry, and the 
rest showed negative allometry (Table 5.13). 
Zeugopod (TDU vs TDT). Coefficients of determination ranged from 0.363 
(H. argenteocinereus) and 0.912 (F. damarensis). Most growth trends showed 
isometry, and only two species showed negative allometry (G. capensis and C. 
hottentotus) (Table 5.13). 
Stylopod (APDH vs APDF). Coefficients of determination ranged from 
0.341 (H. glaber) and 0.871 (F. mechowii). All species showed isometry, except H. 
argenteocinereus which showed positive allometry (Table 5.13). 
Zeugopod (APDU vs APDT). Coefficients of determination were relatively 
higher as compared to the regressions of the stylopods, ranging from 0.566 (C. 
hottentotus) to 0.899 (F. damarensis). All species showed isometry, i.e. the ulna 
and tibia showed similar growth trends in this aspect (Table 5.13).  
 




TABLE 5.13. Interlimb regressions showing independent comparisons of the periosteal 
module for stylopodial and zeugopodial elements (i.e. forelimb traits regressed against 
hindlimb traits). See abbreviations in Tables 5.1 and 5.5.  
 
 
5.3.3 Epicondylar and condylar bone growth 
5.3.3.1 Humerus (EH) 
Humeral epicondyles showed coefficients of determination ranging from 0.395 in 
G. capensis to 0.931 in F. mechowii (Table 5.14). BM and BL regressions showed 
relatively similar values and negative allometry predominates. 
 
5.3.3.2 Femur (FH) 
Femoral condyles showed lower coefficients of determination as compared to the 
humeral epicondyles, and ranged between 0.141 in C. hottentotus and 0.873 in H. 
argenteocinereus (Table 5.14). BM regressions showed slightly higher coefficients of 
determination than BL regressions. Growth patterns were identical as for the 
epicondyles of the humerus for each species (i.e., negative allometry 





5.3.3.3 Interlimb comparison (EH vs EF) 
As mentioned above, EH and EF showed the same growth trends for BM, although 
slightly different for BL. Regression of EH vs EF showed strong coefficients of 
determination (i.e., 0.80 or higher), although those were lower in H. glaber (0.696). 
All species showed isometry, and only B. suillus showed positive allometry of the 
EH (i.e. the humeral epicondyles grew more than the femoral condyles).  
 
5.3.4 Comparative Osteogenesis: growth pattern of endochondral and periosteal 
ossification 
In this section, the comparisons are focused on diameters versus bone lengths for 
each bone, so both anteroposterior and mediolateral diameters are regressed 
against their respective bone length. The comparisons for the tibia-fibula do not 
include the tibia of H. glaber.  
In the humerus, APDH showed relatively high coefficients of determination 
with HL in most species (r2 = 0.7 or higher), although H. glaber and H. 
argenteocinereus showed low values (Table 5.15). 
In the ulna, a similar pattern was observed for TDU and UL, although such 
values were considerably higher between APDU and UL, indicating that there is a 
stronger relationship between anteroposterior diameters of the ulna and ulnar 
length. Only H. glaber showed a low value (0.521) for these parameters. The 
pairwise comparisons showed similar slopes between APDH and TDH for each 
species, while the TDU and APDU showed some differences between species, 
suggesting higher slopes for anteroposterior diameters (Table 5.15). 
In the femur, coefficients of determination and slopes were generally lower 
for APDF than for TDF (Table 5.15). The pairwise comparisons showed similar 
growth trends of APDF and TDF for each species. In the tibia, most species showed 
high coefficients of determination, and only H. argenteocinereus showed lower 
values (i.e. lower than 0.6). Pairwise comparisons showed that TDT accumulated 
more differences between species than APDT. 
For (epi)condyles, most regressions showed high coefficients of 
determination (r2 = 0.6 or higher), although negative allometry (Table 5.15). This 
indicates that despite the relatively lower rate of bone growth in these regions, 
such features are highly correlated with endochondral bone growth. The pairwise 
comparisons showed that almost all species have equal slopes, although B. suillus 
differed from G. capensis, C. hottentotus and H. glaber by having significantly 
lower slopes (Table 5.15).  







































































































































































































































































































































TABLE 5.15. Regressions of the endochondral versus periosteal modules (including 
epicondyles and condyles) showing coefficients of determination (r
2
), allometric 














Postnatal ontogenetic series of the humerus, ulna, femur and tibia-fibula of six 
bathyergid species were analyzed with RMA regressions to determine growth 
patterns associated with body size as well as differences in ossification modules. 
Although there are many studies reporting on patterns of long bone growth in 
mammals, they have used different approaches and methodologies, resulting in 
generalized interpretations about i) relative growth rates and ii) 
allometric/isomteric trends. Since relative growth rates (slope) and growth 
patterns (allometry/isometry) showed contrasting results for bathyergids, they are 




discussed firstly to show the effects of analyzing several species simultaneously (by 
the estimation of equal slopes), and secondarily, it is discussed in terms of 
allometric trends (by the independent estimation of isometry and its deviations). 
The special case of naked mole-rats is also discussed to include a revision of their 
neotenic features and implications for the evolution of African mole-rats (Section 
5.4.4). 
 
5.4.1 Endochondral Bone Growth in Bathyergids 
Although bathyergids show different growth patterns (isometry or 
positive/negative allometry) of their long bones, multiple post hoc analysis (equal 
slopes) showed that these growth trends do not represent statistically significant 
differences in slopes (at least for comparisons of BM) (Tables 5.6, 5.7). The 
following discussion explains these processes separately and includes explanations 
for such methodological discordances (Sections 5.4.1.1-5.4.1.3). Only some bones 
showed a lower but still non-significant difference in growth rates, and those are 
also discussed below (Section 5.4.1.4). For this reason, except for naked mole-rats 
(Section 5.4.1.5), it is assumed that most bathyergids showed similar slopes and 
therefore experience similar growth rates of bone elongation during ontogeny. In 
general, these findings show that most bathyergid species share similar postnatal 
growth dynamics of the endochondral module, thus suggesting a relatively 
conserved developmental pattern of growth plate ossification. Studies assessing the 
relationship between growth plate activity and allometric/isometric growth within 
a wide range of phylogenetically controlled group of species are lacking, so further 
research should focus on assessing such aspects of limb bone growth. 
 
5.4.1.1 Intralimb and Interlimb Comparisons: Proximo-Distal Pattern 
The intralimb (Table 5.8) and interlimb (Table 5.9) regressions generally showed 
high coefficients of determination, indicating a highly interrelated growth between 
bone elements. Multiple comparisons also showed non-significant differences 
within and between species for the growth rates of humerus and femur, and only 
few differences for the growth rates between the ulna and tibia among social 
species (Table 5.9; Appendix 5.4). The stylopodial interlimb comparison (humerus 
vs femur) appeared to be more correlated than the rest of the regressions (Table 
5.9). This indicates that the stylopodial serial homologous pair represents a highly 
correlated system in bathyergids, which is also reflected in the correlations 
between the total length of the limbs (see comparison below for the forelimb vs 
hindlimb) (Table 5.9). Comparatively lower correlations (but still high) were found 
for the zeugopodial elements (UL vs TL). This suggests that the length of humerus 
and femur have a stronger developmental regulatory component during postnatal 
development as compared to ulna and tibia-fibula, also acting at the level of whole 
limb development. These findings preliminarily do not support the initial 
hypothesis of a functional prioritization of forelimb growth over hindlimb growth 
in bathyergids, since serial homologues showed similar growth rates (but see 
section 5.4.1.2). Despite such differences between stylopodial and zeugopodial 
elements are not strong, they still show a proximo-distal pattern of variation in 




their growth, where proximal elements are more tightly correlated than distal 
ones.  
Previously, it has been mentioned the existence of separate developmental 
processes acting in the proximal and distal parts of limb bones which implies a 
spatial “division of labor” in endochondral bone growth in the appendicular 
skeleton of mammals (Rolian, 2008). Rolian (2008, p. 25) suggests that “the 
separation of developmental mechanisms into proximal and distal limb fields could 
have been selected, for example, because it allows morphological changes in the 
autopods to evolve independently of, and/or more rapidly, than changes in limb size 
and shape in the proximal appendicular skeleton”. This idea highlights the modular 
nature of bone elements and is further supported by other studies showing that 
that the autopodial skeleton of vertebrates is morphologically more diverse than 
the long limb bones (Rolian, 2008 and references therein, Shubin et al. 1997; 
Hildebrand & Goslow 2001). This diversity reflects, in part, that metapodials and/or 
phalanges are under strong selective pressures due to their direct interaction with 
the substrate, so they can evolve morphological adaptations for particular habitats 
and locomotor behaviors (Rolian, 2008). Several terrestrial mammals show these 
patterns, e.g., rodents, (Weisbecker & Schmid, 2007), primates (Jouffroy & 
Lessertisseur et al., 1978; Chiu & Hamrick, 2002) and didelphid marsupials 
(Lemelin, 1999). Thus, the lower correlation observed in zeugopodial elements in 
bathyergids, can be explained by this generalized pattern of modularity observed 
along the proximo-distal axis of the mammalian limb. Additionally, since 
zeugopods are in direct contact with autopodial elements, they must also adapt 
and synchronize in response to the changes occurring in the autopodial modules. 
It is likely that this generates a bottom-up cascade of decreasing morphological 
changes (from distal to proximal appendages), where proximal structures are 
probably evolutionarily more stable than distal ones. 
 
5.4.1.2 Forelimb and Hindlimb Growth 
When the whole limb is considered, the pattern of similar growth rates was 
maintained in bathyergids (Table 5.6, 5.7). Previous studies on extant mammals 
showing various locomotor modes, gaits, postures and sizes that included 
marsupials, lagomorphs, rodents, scandentians and primates, found that hindlimb 
elements generally grow much faster than the homologous forelimb elements 
(Carrier, 1983; Lammers & German, 2002; Schilling & Petrovitch, 2006; Young, 
Fernandez & Fleagle, 2010). For this reason, some authors have suggested that this 
may be “a common developmental bauplan among mammals” (Lammers & German, 
2002; Iijima & Kubo 2019). The present study does not support this hypothesis, 
since all bathyergids showed similar growth rates for each limb and limb bones 
(Table 5.6, 5.7). Thus, both fore- and hindlimbs elongates at similar rates in these 
subterranean rodents, and in fact these growth rates are slightly higher in the 
forelimb for some species (Table 5.6, 5.7, 5.9). Whether these similar growth rates 
between limbs in bathyergids are the product of increased growth rates in forelimb 
bones or a decrease in growth rates in hindlimbs is unknown and should be tested 
in future work. The determination of these features may shed light on the 




growth rates, and consequent adaptations to fossoriality would have stimulated 
the increase in forelimb bone growth rates. In such case, the original hypothesis 
suggested in this study would have to be re-assessed. 
In a functional sense, similar growth rates in fore- and hindlimbs may also 
explain the similar intermembral bone proportions (IMI) found in chapters 3 and 4 
(Montoya-Sanhueza et al., 2019). Similar growth rates may represent a systemic 
adaptation of growth plates to maintain similar bone proportions in order to 
maximize locomotor performance within burrows systems (Montoya-Sanhueza et 
al., 2019). The fact that some species even showed higher bone growth rates for the 
forelimb supports the initial hypothesis of this study which supposes that the 
anterior limb represent an important structure in fossorial mammals for digging, 
so its growth may be prioritized or positively selected to attain somatic maturity 
earlier than the hindlimb. Nevertheless, the scratch-digging species B. suillus did 
not show necessarily higher growth rates as compared to chisel-tooth digger 
species. These observations also help to understand that it is unlikely that the 
development of the hindlimb per se constrains forelimb proportions, as suggested 
elsewhere (Schmidt & Fischer, 2009). The data presented here rather suggest an 
alternative hypothesis, where the functional aspects, habits and niche, like 
locomotion in narrow spaces (burrows) may have a stronger effect on the 
independent modulation and selection of forelimb and hindlimb proportions of 
subterranean mammals by modifications in their growth patterns. In this regard, a 
recent study assessing the external and internal morphology of stylopodial bones 
of a wide range of rodents with different locomotor strategies showed that 
subterranean and fossorial species were the only ecomorphological group to 
consistently show increased rates of humeral and femoral morphological evolution 
(Hedrick et al., 2020). This study suggest that the subterranean niche imposes 
strong selective pressures in the phenotype of mammals, and therefore, that 
terrestrial –aboveground– locomotion may restrict the diversity of growth patterns 
in mammals, especially those associated with the forelimb.   
It is known that life in burrows decreases the threats of predators and 
increases the chances of survival in subterranean mammals (Begall et al., 2007). 
This may suggest that the appendicular skeleton of bathyergids has not being 
selected specifically for high-speed phenotypes or to increase escape capabilities, 
but rather locomotor capabilities have been considerably reduced (see below). This 
would be associated with the reduction in the patterns of kinetic ability in 
bathyergids, i.e. slow movements, which most likely also occurs in other 
subterranean mammals. Comparative studies on their behavior and locomotor 
dynamics are scarce, but they are needed to understand the relationship between 
morphological adaptation and kinematics. Interspecific differences between 
bathyergids and other subterranean mammals with less restricted subterranean 
habits like ctenomyids may help to understand such specific observations (Ch. 4, 
Montoya-Sanhueza et al., 2019). 
Generalizations about a common body plan in growth rates among 
mammals must be taken cautiously since growth rates are known to vary 
considerably in bones (Currey, 2002). It is most likely that such interpretations 
result from the small sample of organisms analyzed, which is composed mainly of 
species with a terrestrial (surface-dwelling) lifestyle. 




Although surface-dwelling species may show differences in locomotor 
modes, they do not involve considerable changes in their general kinematic 
patterns, which is still under the main propulsion of the posterior part of the 
skeleton, specifically the pelvic girdle and hindlimbs (Howell, 1965; Schmidt & 
Fischer, 2009). In this respect, it is known that some subterranean mammals have 
changed their locomotor patterns to be functionally bidirectional (and thus 
include backward movements), so the propulsive regions are now located in both 
the pectoral and the pelvic girdles (Eilam et al., 1995; Montoya-Sanhueza et al., 
2019). For this reason, when assessing common trends in mammals, it is imperative 
to consider not only the morphology but also studies of behavior, biomechanics 
and kinetics to assess the appropriateness of the taxonomic and ecomorphological 
comparisons. The study of these patterns in more phylogenetically constrained 
groups with different lifestyles would highly improve our understanding of what 
processes are driving growth dynamics and therefore phenotypic variation.  
 
5.4.1.3 Ontogenetic Allometry and Bone Proportions of the Endochondral Module 
in Bathyergids and other Mammals 
The analysis of the endochondral module of the fore- and hindlimbs showed that 
growth trends between bone lengths and BM were mostly consistent with 
isometry, while regressions against BL showed a more variable pattern of 
ontogenetic allometry, including isometry but also negative and positive allometry 
depending on the species (Tables 5.6 and 5.7). It is known that long bone scaling 
varies with changes in BM of the species (e.g. Jungers & Fleagle 1980; Roth, 1984; 
Wayne 1986), although comparisons with BL have been scarcely assessed. For this 
reason, the results observed in bathyergids showing a more variable growth 
pattern in relation to BL are unfortunately not comparable with other studies. 
However, variation of allometric ontogenetic patterns of long bones is known to 
occur in species of different body sizes (Jungers & Fleagle, 1980; Roth, 1984; Wayne, 
1986; Turnquist & Wells 1994; Lammers & German, 2002; Schilling & Petrovitch, 
2005; Schmidt & Fischer, 2009, and references therein). 
Lammers & German (2002) reported the ontogenetic allometry of four 
small mammals, including two rodents (Chinchilla lanigera and Rattus norvegicus), 
one lagomorph (Oryctolagus cuniculus) and one marsupial (Monodelphis 
domestica). They performed RMA regressions of bone lengths against body mass 
and showed that such species have positive allometry of the hindlimb bones 
(femur and tibia) and humerus, although C. lanigera showed isometry for the 
humerus (Lammers & German, 2002). This indicates proportionally higher growth 
rates for the appendicular system in relation to body size, which is often associated 
with organisms with proportionally elongated limbs. Similar positive allometries 
were observed for the humerus and femur of the scansorial Tupaia glis 
(Scandentia, Tupaiidae), but an isometric pattern for the tibia (Schilling & 
Petrovitch, 2006). The domestic cat Felis catus also showed positive allometry of 
the humerus (Peters, 1983). Similarly, it has been suggested that positive allometry 
of postnatal limb bone growth is common for altricial organisms (Dodson, 1975), 
including birds (Huggins, 1940), rodents (Green & Fekete, 1933; MacArthur & 
Chiasson, 1946) and humans (Moss, 1955). Even different surface-dwelling species 




bounding gaits (e.g. C. lanigera and O. cuniculus) or a more generalized locomotor 
behavior and morphology (e.g. R. norvegicus and M. domestica), still show positive 
allometry (Lammers & German, 2002). Thus, the characteristic positive allometry 
(i.e. proportionally increased growth of limb bones with respect to body size) 
described for surface-dwelling organisms, is probably related to changes of the 
appendicular muscle mass closer to the centre of rotation (hip joint) thus 
decreasing the moment of inertia of the limb, and increasing the speed of both 
protraction and retraction of the limbs, allowing a more efficient terrestrial 
locomotion (Dodson, 1975). Based on these allometric estimations, some authors 
have suggested that small mammals may share strong developmental constraints 
that govern their relative growth rates regardless of their locomotor mode 
(Lammers & German, 2002). Although other authors have suggested that the 
apparent evolutionary stasis of the static allometric slope is not generated by 
internal (developmental) constraints but more likely results from external 
constraints imposed by selection (Pélabon, et al., 2013). The results observed in 
bathyergids do not support the developmental constraint hypothesis, and rather 
provides additional evidence to the hypothesis of external factors and natural 
selection as drivers of appendicular modification in mammals. In this case, all 
genera within Bathyergidae showed marked isometry of their long bones, except 
for Heterocephalus which showed negative allometry and the species F. mechowii 
which showed positive allometry (Table 5.6-5.7). These taxa represent the smallest 
and the largest social species within this group, respectively.  
Consequently, the mostly isometric growth pattern observed in long bones 
of bathyergids can be considered as a generalized reduction in limb bone size with 
respect to BM, to maximize locomotion in narrow spaces, but also implies slower 
locomotor performances as compared to surface-dwelling relatives of similar size 
(see Montoya-Sanhueza et al., 2019). The fact that only F. mechowii showed 
positive allometry of all their long bones (Tables 5.6, 5.7), it resembles the 
condition found in surface-dwelling mammals, and could indicate higher 
locomotor capabilities. Based on allometric analysis of their long bones (Echeverría 
et al., 2014), as well as aspects of their ecology and cranial anatomy (e.g. larger and 
functional eyes), higher locomotor capabilities have been suggested for the 
subterranean tuco-tucos (Ctenomys) (see Montoya-Sanhueza et al., 2019).  
In general, F. mechowii showed the longest bones among social species, 
which were also slightly longer than in solitary species of smaller body size like H. 
argenteocinereus and G. capensis (Fig. 5.2). Despite some bones are longer than 
others within a species (e.g. ulna vs tibia, Table 5.1, Fig. 5.2), such differences are 
not considerably big in comparison to the proportion found in surface-dwelling 
mammals. Larger zeugopodial elements of the hindlimb have been typically 
associated with specializations for increased speed (Howell, 1965). Limb 
proportions in bathyergids are quite symmetrical, especially for the intermembral 
index (forelimb vs hindlimb), ≈1.0 (see details in Ch. 4). In this respect, some 
differences in the hindlimb were found between solitary and social species 
(excluding H. glaber). Most solitary species showed longer femora than tibio-
fibula, whereas social species showed a larger tibio-fibula (Table 5.1). The analysis 
of the crural and intermembral indices in Ch. 4 (and 3), also showed that the femur 
was longer than the tibia-fibula in solitary species, and that hindlimbs were 




relatively longer than forelimbs. It is likely that social bathyergids have a more 
“cursorial” phenotype to increase locomotor performance within burrows to 
maximize foraging and connection between distantly located chambers. In fact, it 
has been reported that social bathyergid species have more complex and relatively 
longer burrow systems as compared to solitary species (Le Comber et al. 2002, 
2006; Thomas et al., 2009; Šumbera et al., 2012). This aspect has not been assessed 
in subterranean mammals and needs further research. 
The generalized isometric patterns found in bathyergids among mammals 
can be explained because of the lack of previous comparative studies including 
subterranean mammals, and because the study of adaptations associated with the 
subterranean niche have been principally focused on their digging mechanisms 
rather than their locomotor modes. Thus, it is likely that other subterranean 
mammals also show isometric or negative allometry of their appendicular system. 
From an energetic point of view, McNab (2002) already considered the locomotion 
of subterranean mammals as within a dense medium. The implications of living in 
a dense medium in the appendicular system have not been assessed in mammals, 
and its analysis could shed light on the selective pressures acting not only during 
digging, but also when moving underground. Eilam et al. (1995) studied the uphill 
locomotion of the head lift digger, Spalax leucodon ehrenbergi, and observed that 
these animals changed their locomotor patterns to be functionally bidirectional to 
thus include backward movements, so the propulsive regions of the body are now 
located in both the pectoral and the pelvic girdles (Eilam et al., 1995). Similarly, the 
eastern mole Scalopus aquaticus (Talpidae) has highly specialized and reduced 
limb bones where the forelimb shows unusual kinematics during walking (Lin et 
al., 2019). The study of their ontogenetic allometry in such species with distinct 
locomotor modes with respect to tetrapods, may help to understand the diversity 
of growth patterns in mammals.  
The proposed shorter limbs observed in subterranean mammals has been 
scarcely studied, and its ontogeny was considerably neglected until the present 
study. This study points to the relevance of understanding locomotor modes and 
kinematics in subterranean species, which seems to play an important role for 
driving modifications of their appendicular system. However, this study also 
recognizes that the simplification of allometric approaches, which intend to 
determine the fitness of structures within or outside a linear isometric tendency, 
considerably limits our visualization of other growth patterns potentially involved 
in the growth and development of the skeletal system. Additionally, although 
growth patterns can relatively be identified as pertaining to one of the three main 
growth trends (i.e. isometry or positive/negative allometry), biological 
interpretations of their adaptations, origin, and mechanisms cannot be restricted 
to mere comparisons of such values. Allometric studies must be complemented 
with others such as comparative and functional anatomy, bone modularity, tissue 
identification, cell proliferation rates, locomotor function, and should ideally 
include multivariate analyses, so that the diversity of mammalian bone growth can 





5.4.1.4 Foot Drumming and Slow Growth Rates in the Tibia-Fibula 
Among the bones that showed the lowest growth rates and a marked negative 
allometry among solitary species such as B. suillus and G. capensis, was the tibia 
(including humerus and ulna in G. capensis). In solitary species, the mean bone 
length of the tibia-fibula was usually shorter than the femur, except in G. capensis 
where it is slightly larger than the femur (Table 5.1; Fig. 5.1). In Ch. 4, the crural 
index (CI) was calculated and showed that the femur of solitary species was longer 
than the tibio-fibula, while the tibia-fibula was longer in social species (Fig. 4.10 in 
Ch. 4). Thus, tibio-fibulas in solitary species are shorter and have also a lower 
growth rate (with respect to the femur and other bones). Since the slopes of the 
humerus, ulna and femur showed similar values among species, and are higher as 
compared to the growth rates of the tibio-fibula (Table 5.6-5.7), it is most likely 
that the slow growth rates of the tibia-fibula are related to a slowdown in 
endochondral ossification on growth plates ion this particular bone. One factor 
known to reduce long bone growth by affecting growth plate activity is 
compressive forces (Moss, 1977; Stokes et al., 2006). The hindlimb of bathyergids 
assist during digging behavior, especially to expel the soil out of the burrow 
(Genelly, 1965; Jarvis & Sale, 1971). However, B. suillus and G. capensis are the only 
bathyergids that exhibit foot drumming (Bennett & Jarvis, 1988; van Sandwyk & 
Bennett, 2005; Sahd et al., 2019). Foot drumming in bathyergids has been scarcely 
studied, and only more detailed descriptions have been done for G. capensis. Foot 
drumming occurs very fast and is repetitive with the simultaneous striking of both 
hind feet on the burrow floor, while the forelimbs support its body (Bennett & 
Jarvis, 1988). No detailed data of this process exist for B. suillus (Van Sandwyk & 
Bennett, 2005), although preliminary personal observations indicate that foot 
drumming is slower as compared to G. capensis.  
Interestingly, the other solitary species H. argenteocinereus showed similar 
bone growth rates for all limb bones including the tibio-fibula (Table 5.6), 
although there are no reports of foot drumming for this species (Šumbera et al., 
2003). For this reason, the lower growth rates of the tibia-fibula in B. suillus and G. 
capensis seems to be related to this behavior. In these two species, the tibia-fibula 
seems to be maintained relatively vertical when beating the substrate, while the 
femur maintains a horizontal/diagonal position, with the femoral-pelvic joint 
being closer to the floor so that the animal takes a sitting/crouched posture (Fig. 
2.1 in Ch. 2). Thus, during foot drumming, the tibia-fibula undergoes compression 
mainly due to direct muscular action which pushes the lower leg down. The higher 
values of the mediolateral robustness of tibia index (TRI) reported in the Ch. 4 
(and 3) for these species in comparison to other AMs (e.g. Fig. 4.10), suggest an 
increased cross-sectional area to resist bending and shearing stresses, and 
therefore a stronger ability to slam the leg against the floor. In fact, biomechanical 
testing on tibias of other rodent models, using proximo-distal compression to 
assess changes in cross-sectional properties, has evidenced endosteal and 
periosteal bone formation (De Souza et al., 2005; Brodt & Silva, 2010). Thus, 
drumming behavior might stimulate periosteal/endosteal growth. Further research 
is needed to fully describe how foot drumming is executed and what factors may 
affect growth plate activity and periosteal bone formation in the hindlimb of mole-
rats. 




5.4.1.5 Slow Bone Growth Rates in Naked Mole-Rats 
The most marked differences in bone growth rates were found in naked mole-rats, 
H. glaber. Naked mole-rats showed negative allometry of all long bones and they 
have the lowest growth rates among all bathyergids (Tables 5.6-5.7). The 
differences in growth trends in this species are similar when using either BM or BL, 
and were statistically significant in terms of lower slopes as compared to the rest of 
the bathyergids (Table 5.6). Since most bones in bathyergids showed mainly 
isometric growth trends when assessed with BM, it is expected that the 
underestimated BM values of naked mole-rats (see section 5.2) had influenced the 
results, so the regressions estimated on body mass for this species must be treated 
with caution. Nevertheless, when data of BL regressions are compared among all 
bathyergids, H. glaber still showed negative allometry and most of the others either 
isometry or positive allometry (Tables 5.6-5.7). 
The lengths of their long bones were basically the same for all bones (Table 
5.1), thus contrasting with the pattern found in other bathyergids which showed 
some differences at intralimb and interlimb levels (Fig. 5.1). These features show 
that naked mole-rats have comparatively shorter limbs (and therefore relatively 
longer body lengths) as compared to other bathyergids. This also contrasts with 
the extreme case of the largest social mole-rat F. mechowii, which showed positive 
allometry of their limb bones (see above). Another small mammal with 
ontogenetic negative allometry on long bones with respect to body mass (humerus 
and tibia), is the cui, Galea musteloides (Rodentia, Caviidae) (Schilling & 
Petrovitch, 2006). Cuis are unspecialized mammals that live underground in open 
grasslands and which locomotor mode has been compared to the ancestral therian 
pattern (Schilling & Petrovitch, 2006, and references therein). Curiously, this 
species showed positive allometry for the femur (Schilling & Petrovitch, 2006). It is 
likely that the primitive therian locomotion is associated with reduced limbs, 
resembling more the reptilian generalized phenotype. An early study assessing the 
relative growth of Alligator mississipiensis showed negative allometry of limb bone 
lengths versus proxies of body size (Dodson, 1975). This author suggested that the 
strategy of limb growth has an interesting adaptive basis, and crocodilians show an 
ontogenetic decrease in importance of the limbs throughout life because in adult 
life they mostly preclude of terrestrial locomotion. A recent study of the limb bone 
growth of crocodilians showed similar generalized results (Iijima & Kubo, 2019). 
The data of this study supports the hypothesis of a reduction in locomotor 
performance in shortened-legged species, although no assessments of the kinetic 
patterns among bathyergids has been done. 
 
5.4.2 The Growth Pattern of the Periosteal Module 
5.4.2.1 Anteroposterior and Mediolateral Diameters in Bathyergids 
A general pattern observed across bathyergid species is that anteroposterior 
diameters of the forelimb showed higher coefficients of determination, so were 
better correlated than mediolateral diameters (Table 5.10). In the forelimb, it 
seems that the degree of variability decreases towards the distal elements with the 
ulna having higher levels of correlation as compared to other limb bones. This is 




(ulna and tibia) were more variable in length as compared to the proximal 
elements (humerus and femur) (Table 5.6). However, only the anteroposterior 
diameter of the ulna showed the highest correlations among all the periosteal 
modules of the forelimb. The mediolateral diameter (TDU) was not higher than 
the correlations found in the humerus (Table 5.10). Thus, the growth of the ulna in 
bathyergids occurs principally in the anteroposterior axis, resulting in a thicker 
structure probably to provide a larger surface for attachment of the flexor muscles 
involved during digging behavior, i.e. m. extensor carpi ulnaris, m. flexor carpi 
ulnaris, and m. flexor digitorum profundus (see Montoya-Sanhueza et al., 2019). 
This would increase anteroposterior bending resistance of such bones, especially 
considering that the higher bending stresses in the forearm of mammals 
performing parasagittal movements during scratch-digging, are expected to occur 
in the anteroposterior axis of the bone (Biewener & Taylor, 1986; Carter & Beaupré, 
2001; Leppänen et al., 2006). Scratch-digging species did not show higher slopes for 
this feature, but the small social C. hottentotus showed the higher slopes among 
bathyergids for this feature (Table 5.10). 
In the hindlimb, the correlations were also higher for the zeugopodial 
elements (Tables 5.11), and stylopodial elements showed the lowest coefficients of 
determination. Thus, it is apparent that the periosteal module is less variable in 
distal elements while proximal elements seems to be more variable. This again 
contrasts with the pattern observed in the endochondral ossification. In the 
hindlimb, periosteal ossification always showed isometry or positive allometry with 
respect to BM (Tables 5.11). The APDF showed the lowest coefficients of 
determination for the hindlimb. 
 
5.4.2.2 Comparative Allometry of the Periosteal Module among Mammals 
The analysis of the periosteal module showed a more variable pattern of bone 
ossification than that observed for the endochondral module, mainly evidenced by 
the coefficients of determination which were considerably more variable and lower 
for periosteal ossification (Tables 5.10, 5.11). Differences are not restricted to one 
species only (e.g. H. glaber) and rather include differences among different species. 
Nevertheless, there are some similarities between the endochondral module and 
periosteal module: BM regressions showed more stable growth trends (mostly 
isometry) as compared to BL (more variable growth trends) for both fore- and 
hindlimbs. With respect to these growth trends, most traits showed isometry and 
positive allometry, while negative allometry was observed only in a few cases, e.g. 
in the forelimb of the social Fukomys and in the solitary G. capensis (Table 5.10). 
Thus, although the periosteal module showed more variability than the 
endochondral module, it tended to have proportional growth with respect to body 
size and in many instances showed a proportionally higher growth (positive 
allometry) with respect to body size. 
Similar results were found for the subterranean ctenomyid rodent C. 
talarum (Echeverría et al., 2014), which mostly shows positive allometry of bone 
diameters, and presents only one isometric trend on the mediolateral diameter of 
the ulna. Although all coefficients of determination were extremely high for C. 
talarum, the lowest values reported for this species pertain to periosteal modules 




(Echeveria et al., 2014). Such observations were based on regressions of bone 
lengths and skull length (SKL), so the allometric patterns of such bones with BM 
and BL are unknown. In Ch. 3 (Montoya-Sanhueza et al., 2019), it was 
demonstrated that regressions of bone lengths with SKL in B. suillus showed 
increased number of positive allometries, indicating that some postcranial 
elements have a distinct (higher) growth pattern in relation to SKL. 
The observations in subterranean rodents contrast with other mammals, 
were widths (diameters) show negative allometry with respect to body size. The 
study of Lammers & German (2002) showed that all diameters in eutherian 
mammals (C. lanigera, R. norvegicus, and O. cuniculus) presented negative 
allometry, except in the didelphid marsupial M. domestica which showed positive 
allometry. Similar results have been described in primates with distinct 
developmental patterns (altricial and precocial) by Young et al. (2010). These 
estimations were based on linear measurements (diameter) of one axis of the 
diaphysis, either the anteroposterior or the mediolateral axis, so the entire 
periosteal bone tissue growth around the diaphysis was not really considered. A 
more precise measurement of periosteal bone formation in long bones is the 
midshaft circumference (or perimeter), which was previously quantified in a larger 
sample of mammals and showed that both “isometry and positive allometry are the 
most widespread patterns of growth across mammals” and that “Negative allometry 
(i.e., bones growing more robust during ontogeny) occurs in mammals but is largely 
restricted to cetartiodactyls” (Kilbourne & Makovicky, 2012, pp. 1111). These authors 
positioned the axes of the regressions inversely to the present study, so the 
periosteal parameters are set in the “x” axis, and the increments of the bone 
lengths and body sizes on the “y” variable. This results in growth trends appearing 
inverse to the ones used in this study. In any case, the main pattern reported by 
these authors for periosteal growth in mammals are i) proportional growth 
(isometry) and ii) proportionally lower periosteal growth during ontogeny (this 
study = negative allometry), resulting in slender bones in adulthood (Kilbourne & 
Makovicky, 2012).  
Thus, the bone growth trends found in bathyergids resemble those 
observed in marsupials (Table 5.15). Maunz & German (1997) found that one of the 
smallest and one of the largest species within the Didelphidae (Monodelphis 
domestica and Didelphis virginiana) family exhibit the same length to width 
proportions in the scaling of limb bones throughout growth, despite variation in 
locomotion, i.e. limb bone isometry regardless of phylogenetic changes in body 
size. This suggests that both the periosteal and endochondral modules could have 
similar growth rates in marsupials. This would explain the typically more robust 
skeletons of quadrupedal marsupials.  
Some authors have proposed that negative allometry of long bone diaphysis 
(growing slender) may represent a common pattern among mammals which is 
perhaps “preadaptive” for different purposes among different lineages (e.g. Young 
et al., 2010; Kilbourne & Makovicky, 2012). As mentioned above, such 
interpretations are most likely the result of the limited size of the taxa compared, 
which is generally composed of terrestrial (surface-dwelling) species, which have 
relatively high-speed locomotion and agility, and live under “normal” gravitational 




physical constrains in the skeletal system, and as body size increases during 
ontogeny, it also yields increased bone strains (Biewener & Taylor, 1986). 
Consequently, these growth patterns indicate that terrestrial surface-dwelling 
mammals tend to show a slender (and thinner) diaphyseal long bone morphology, 
most likely related to functional and locomotor requirements to increase agility 
and speed by reducing bone mass (limited cortical thickening) (Currey, 2002). For 
this reason, the medullary cavities of long bones of terrestrial mammals expand 
considerably during ontogeny resulting in lighter bones (see Montoya-Sanhueza & 
Chinsamy, 2017, and references therein). However, fossorial species need to 
strengthen their limb bones due to digging demands, which explains the 
increments in periosteal and endosteal bone growth. Thus, negative allometry of 
cortical thickness/diameter is not a generalized growth pattern among mammals, 
and positive allometry is not only restricted to cetartiodactyls (Kilbourne & 
Makovicky, 2012), but also present in fossorial mammals (Montoya-Sanhueza & 
Chinsamy, 2017). Similarly, in crocodylians, the analysis of midshaft 
circumferences showed mostly positive allometries in the humerus and isometric 
and positive allometries in the femur (Iijima & Kubo 2019). 
 
5.4.3 Implications of Differential Endochondral and Periosteal Ossification Rates 
on Bone Phenotypes 
It is widely known that the growth and development of the skeleton are under 
regulation of both genetic (intrinsic) and environmental (extrinsic) factors 
(Murray, 1936; Hall, 1978, 2015; Moss-Salentijn, 1992). Genetic factors principally 
play a role on development, specifically in the ability of skeletogenic cells to 
differentiate, to undergo mitoses, and to produce specific components of the 
extracellular matrix, whereas environmental factors appear to determine the 
timing and the rates of such events (Moss-Salentijn, 1992). Therefore, it is expected 
that environmental factors may be responsible of heterochronic patterns observed 
in the skeletal system of mammals, specifically by modulating when and for how 
long those processes start and prolong. Long bone modeling is attained by the dual 
cellular process of formation and resorption of bone tissues, as well as by the 
differential osteogenic activity of endochondral and intramembranous 
(periosteal/endosteal) ossifications. Such processes have been studied 
independently, and in general, the analysis of intramembranous ossification and its 
growth patterns have not been so extensively assessed in comparison to studies of 
endochondral ossification (Hall, 2015). Importantly, no special efforts have been 
put on the determination and comparison of the interrelated contribution of such 
ossification types on the phenotyping of bones.  
In general, in this study, the periosteal module showed relatively higher 
growth rates as compared to the endochondral module (Tables 6-7, 10-11). 
However, a more conspicuous pattern was identified, where the periosteal module 
showed a considerably higher degree of variation, thus appearing to be 
considerably less dependent on body size (and age) as compared to the 
endochondral module (Table 5.6-5.10). This does not necessarily agree with the 
original hypothesis that such modules will show different growth rates, but 
indicates a marked difference in their variance. This suggests that 
intramembranous ossification is probably more prone to external cues, and 




therefore has a lower genetic regulation. These results provide important evidence 
to support the hypothesis that endochondral and periosteal ossification are under 
distinct regulatory factors (Moss-Salentijn, 1992). For example, the important role 
of environmental regulation on appositional bone growth has been well supported 
since early studies of bone adaptation (Moss-Salentijn, 1992). Similarly, based on in 
vivo and in vitro experimentation of long bone rudiments, the explants have shown 
the ability to grow to relatively normal lengths even in the absence of normal 
physiological loading conditions, thus suggesting a significant regulation of 
chondrocytic proliferation and hypertrophy (Moss-Salentijn, 1992). Thus, a much 
greater amount of intrinsic control has been claimed for the endochondral module 
(Moss-Salentijn, 1992). Additionally, it is possible to see how several studies 
assessing endochondral and intramembranous ossification separately or in the 
same study, have reported great differences in their coefficients of determination 
(or equivalent parameters of variance), usually showing higher values for bone 
elongation (e.g. Castanet et al., 2004; Cubo et al., 2006). However, this 
phenomenon has not received the necessary attention, most likely because the 
more reductionist approaches used to assess osteogenesis, principally focused on 
quantifying the general shape of a bone or because of the assumption that both 
undergo similar developmental processes.  
In general, one of the main goals in evolutionary morphology is to measure 
the general shape of a structure, which is usually summarized as its total length, 
diameter or morphospace (Klingenberg, 2013). However, these assessments include 
both modules (endochondral and periosteal) indistinctively, but do not assess the 
relationship and implications osteogenic processes. Such studies contain the raw 
data to understand the interrelationship of those processes and are necessary to 
make some initial comparisons. For example, Gould (1967) described the 
independence of limb widths and lengths for pelycosaur species, and the poor 
relationship between body weight and limb and vertebral widths. This study is one 
of the few studies that deals directly with a comparison between ossification 
modules. 
Finally, the results obtained in the current research suggest that periosteal 
ossification represents a process showing higher intraspecific variation, probably 
indicating different levels of local adaptation. In this sense, it seems that this 
module represents a more labile module that helps to counteract external 
fluctuations so occurs as the module that adapts during life, whilst the 
endochondral module acts as a more stable process (canalization), probably 
because its initial cell proliferation type is established in early ontogeny due to 
chondrocyte and growth plate formation, and which are genetically regulated 
features (Rolian, 2008). In comparison, the periosteal module is constantly 
depositing new cells, i.e. de novo bone formation (Hall, 2015), and it is known to 
have a more specialized mechanosensory function (Wallace et al., 2017). This 
suggest that evolution of limb bones can be accomplished by the modular interplay 
of these two processes acting at different temporal scales, one at an ontogenetic 
scale, influencing more the periosteal module, and therefore selecting genotypes 
with higher mechanosensory adaptations, and another at an evolutionary scale by 
selecting the phenotype of growth plates. This information indicates that the study 




multivariate and multiscale approaches within an evolutionary framework of 
musculoskeletal adaptation. 
 
5.4.4 Limb Bone Growth and Neoteny in H. glaber 
The results obtained here clearly showed that H. glaber has the lowest postnatal 
growth rates among bathyergids (Tables 5.6, 5.7, 5.10, 5.11; Appendices 5.2-5.8). 
Both endochondral and periosteal modules are affected, but endochondral bone 
growth rates were slower than for periosteal growth rates. Among endochondral 
growth rates, the femur showed the highest and the tibia the lowest. The 
elongation of the humerus and tibia showed negative allometry with the femur, so 
the femur grows proportionally more. The thickening of long bones showed similar 
growth rates, with the lowest values found in the mediolateral diameter of the 
ulna, and the highest in the mediolateral diameter of the femur (Tables 5.10 and 
5.11).  
These data provides additional evidence to support the neotenic condition 
of the appendicular skeleton of naked mole-rats. As hypothesized for neotenic 
species (McNamara, 1997), structures showing slow growth rates result in more 
simplified morphologies, which is also observed for naked mole-rats (see Ch. 4), 
where the absence of the deltoid tubercle in the humerus and the lack of tibio-
fibular fusion make their appendicular skeleton comparatively less specialized as 
compared to the rest of the bathyergids. In this sense, species with higher growth 
rates will show more morphological disparity, and may explain the case of most 
bathyergids. Based on this information, and given that naked mole-rats are basal 
and divergent within the family (Faulkes et al., 2004), it is hypothesized that the 
descendants of this lineage have evolved larger body sizes and more complex 
phenotypes, most likely by increasing (accelerating) their skeletal growth (i.e. 
peramorphosis). Thus, these data suggests that peramorphosis is the most 
probable developmental phenomenon explaining the speciation process associated 
with the evolution of most bathyergids.  
Neoteny in H. glaber has been reported since the earliest anatomical and 
embryological descriptions of this species. The descriptions of Hill (1955) and 
Ellerman (1956) pointed out that the general appearance of the mature H. glaber 
resembles the naked newborn stage of many other rodents, such as mice and rats, 
including the newborns of other social bathyergids like Cryptomys. Ellerman (1956, 
p. 13) specifically suggested a paedomorphic condition for H. glaber; “it is a 
Cryptomys-like form that in some way does not develop but remains in a 
permanently subadult state.” These features are based on i) their lack of 
pigmentation, ii) almost nude integument, iii) the vestigial condition of the eyes 
and ears, iv) to the comparatively feeble (week) limbs, and v) to the animal’s 
wriggling movements (Hill, 1955). Ellerman (1956) also identifies that this species 
has only three upper/lower molars each side, or sometimes only two, which would 
be the case of young specimens of Cryptomys. Hill (1955) suggested that such 
observations clearly envisages the idea of a genetic trend towards “fetilization” (i.e. 
becoming morphologically similar to the fetus) or at least paedomorphy (neoteny) 
and gives some support by mentioning embryonic features of the female genital 
tract (Hill, 1955). Based on embryological data, Maier & Schrenk (1987) showed 




that the development of the infraorbital foramen in bathyergids occurs rapidly in 
H. glaber and slowly in the rest of the species, although H. glaber retain a 
comparatively smaller infraorbital foramen during ontogeny. Maier & Schrenk 
(1987) suggests that such differences reflect varying degrees of development of the 
pars infraorbitalis of the zygomatico-mandibular muscle during ontogeny. 
Another set of data supporting the neoteny of H. glaber is that the brain of 
naked mole-rats is resistant to low oxygen concentrations (hypoxic conditions), 
which is a main feature of neonatal mammals (Larson & Park, 2009). Larson & Park 
(2009) have suggested that naked mole-rats may represent a case of slowed or 
arrested brain development, perhaps to maintain brain function in a chronically 
hypoxic environment. Other studies have concluded that “…naked mole rats show 
an extremely protracted period of brain maturation that may permit plasticity and 
resilience to neurodegenerative processes over their decades-long lifespan. This 
conclusion is consistent with the hypothesis that naked mole rats are neotenous, 
with retention of juvenile characteristics…” (Penz et al., 2015, p. 1).  
Recently, Skulachev et al. (2017) provided a comprehensive review of the 
neotenic traits of these animals, which is mostly characterized by physiological 
features and a few morphological traits pertaining to soft tissues. Out of the 43 
neotenic characters gathered by these authors, only three are associated with the 
musculoskeletal system (see Skulachev et al. 2017): i) no decline on cortical bone 
area and bone mineral density with age (Pinto et al., 2010), ii) delayed maturation 
of the skeletal system (Henry et al., 2007), and iii) absence of any decline in the 
state of articular cartilage with age (Pinto et al., 2010). Apart from this, there is a 
complete lack of data regarding patterns of skeletal growth for these animals. This 
is curious since the extremities of fossorial and subterranean mammals have been 
relatively well-studied (e.g. Hildebrand, 1985: Kley & Kearney, 2007). In this study, 
the comprehensive analysis of ontogenetic series of their long bones supports the 
neotenic condition suggested for naked mole-rats. Moreover, the list of neotenic 
features presented by Skulachev et al. (2017), increases with the addition of the 
pattern of skeletal growth. The revelation of such features also provides important 
cues for understanding the evolutionary biology of bathyergids. 
 
5.5 CONCLUSIONS 
This study showed that bathyergids have relatively similar skeletal growth, 
irrespective of social behavior or digging strategy, although some differences can 
be seen in some bones. Furthermore, this study considerably improves our 
understanding of growth patterns in mammals and demystified previous 
hypothesis suggesting that mammals have developmental constrains in their 
appendicular system and that most mammals show isometric or positive allometric 
scaling of their long bones. Contrary to the initial hypothesis, it was demonstrated 
that the hindlimb exhibits similar growth rates as compared to the forelimb. 
However, it is likely that forelimb growth rates have increased in bathyergids as an 
adaptation to balance the growth of this limb with that of the hindlimb. The 
original hypotheses suggesting faster growth rates for hindlimbs, mostly stems 
from the scarce assessment of subterranean species, and from generalizations 




most distinct growth patterns among bathyergids, indicating neotenic features for 
the development of their appendicular system, and therefore suggesting a 
consequent increment of the bone growth rates for all other bathyergid species 
during their evolution. The lower growth rates observed in naked mole-rats are 
probably associated with the less specialized morphology of their appendicular 
system (i.e. humerus and tibia), which contrasts with the more specialized and 
more morphologically complex condition of the humerus and tibia of the other 
bathyergids (Ch. 4).  
In this study, clear differences in the growth pattern between the periosteal 
and endochondral modules were observed. The periosteal module showed 
relatively higher growth rates and higher degree of variation as compared to the 
endochondral module, thus appearing to be considerably less dependent on body 
size (and age) and genetic factors. These results highlight the relevance of 
considering developmental modularity of long bones for further assessment of 
their bone adaptations, especially for understanding the differential effects of 
intrinsic and extrinsic factors regulating endochondral and periosteal 






















APPENDIX 5.1. Test for equality of slopes and pairwise comparisons of RMA regressions 

































APPENDIX 5.2 (next page). Test for equality of slopes and pairwise comparisons of RMA 
regressions between proxies of body size (BM and BL) and humeral length (HL), ulnar 
length (UL) and forelimb length (HLUL) for all bathyergids. Abbreviations: body mass 
(BM) and body length (BL). 








APPENDIX 5.3 (next page). Test for equality of slopes and pairwise comparisons of RMA 
regressions between proxies of body size (BM and BL) and femoral length (FL), tibio-fibular 
length (TL) and hindlimb length (FLTL) for all bathyergids. Abbreviations: body mass (BM) 
and body length (BL). 








APPENDIX 5.4 (next page). Test for equality of slopes and pairwise comparisons of RMA 
regressions: Top, intralimb comparisons (UL vs HL and TL vs FL). Center, interlimb 
comparisons (HL vs FL and TL vs UL). Bottom, forelimb versus hindlimb comparisons 
(UL+HL vs TL+FL). 








APPENDIX 5.5. Test for equality of slopes and pairwise comparisons of RMA regressions 
for the periosteal module (diameters) of the humerus: Top, mediolateral diameter of the 
humerus (TDH). Bottom, anteroposterior diameter of the humerus (APDH). Abbreviations: 












APPENDIX 5.6. Test for equality of slopes and pairwise comparisons of RMA regressions 
for the periosteal module (diameters) of the ulna: Top, mediolateral diameter of the ulna 
(TDU). Bottom, anteroposterior diameter of the ulna (APDU). Abbreviations: body mass 











APPENDIX 5.7. Test for equality of slopes and pairwise comparisons of RMA regressions 
for the periosteal module (diameters) of the femur: Top, mediolateral diameter of the 
femur (TDF). Bottom, anteroposterior diameter of the femur (APDF). Abbreviations: body 












APPENDIX 5.8. Test for equality of slopes and pairwise comparisons of RMA regressions 
for the periosteal module (diameters) of the tibio-fibula: Top, mediolateral diameter of the 
tibio-fibula (TDT). Bottom, anteroposterior diameter of the tibio-fibula (APDT). 















APPENDIX 5.9. Test for equality of slopes and pairwise comparisons of RMA regressions 
for the periosteal module (diameters) for intralimb comparisons. Top: forelimb 









Comparative Bone Microstructure and Bone 




“The bony matrix records the effects of circumstances of growth on bone, the influence of the 
environment and feeding habits, microscopic changes reflecting the gross shape of individual 
bones, the longevity of the individual, and the many other factors…”  
 
”Phylogenetic as well as ontogenetic studies have not yet been carried out in adequate detail 
within restricted groups, and such investigations are strongly urged.” 
 
Donald Enlow, 1969 




In the skeletal system, the process responsible for changes in its shape 
(development) and size (growth) is bone modeling (Frost, 1969, 1987; Parfitt, 2010; 
Allen & Burr, 2014, also see Ch. 5 for its allometric quantification). Bone modeling 
involves formation and resorption of bone tissues, processes which are not 
necessarily coupled (Frost, 1963, 1969, 1987; Parfitt, 2010; Allen & Burr, 2014). This 
process is equivalent to Enlow’s term “growth remodeling” (Enlow, 1962). 
Descriptions of patterns of bone modeling in mammals are quite scarce 
(e.g. Smith, 1960; Enlow, 1963; Goldman et al., 2009; Montoya-Sanhueza & 
Chinsamy, 2017), and only few of them include the histomorphometric 
quantification of its bone dynamics (e.g. Sontag, 1986; Erben, 1996; Montoya-
Sanhueza & Chinsamy, 2017). Similarly, most studies have focused on single 
species, with only primates receiving considerably more attention at family level 
(e.g. McFarlin, 2006, Warshaw, 2008, McFarlin et al. 2016). Yet, several decades ago 
already Enlow (1969) said, “Phylogenetic as well as ontogenetic studies have not yet 
been carried out in adequate detail within restricted groups, and such investigations 
are strongly urged.” It is essential that in order to advance our understanding of 
bone growth mechanisms and its structural dimensions, it is a necessary to 
consider the analysis of specific animal groups (Enlow, 1969), as well as a wider 
breath of non-model organisms with unique phenotypes (e.g. Franz-Odendaal & 
Hockman, 2019). 
A recent study assessing molecular adaptations in bathyergids have found a 





aging, reproduction and morphological features (Davies et al., 2015). These authors 
suggested that the development of mineralized structures in bathyergids have a 
genetic component, especially for “odontogenesis, positive regulation of osteoblast 
differentiation, regulation of bone resorption, biomineral tissue development and 
regulation of bone remodeling” (Davies et al. 2015; pp. 3095). Despite the role of 
certain genes on the development of the skeletal system in mammals (Hall, 1978; 
2015), other external epigenetic postnatal factors such as diet, behavior, 
biomechanical load and/or reproduction can also play a role in the final shape of 
bones (e.g. Cameron & McClure, 1988; Boag & Boonstra, 1988; Zelditch, 2005; 
Minelli, 2015; Montoya-Sanhueza & Chinsamy, 2017). Thus, most organs integrate 
organ-extrinsic cues (e.g. nutritional status, mechanical loading) with organ-
intrinsic information (e.g. genetic programs, local signals) into a growth response 
that adapts to changing environmental conditions and ensures that the size and 
shape of an organ are coordinated with the rest of the body (Roselló-Díez & Joyner, 
2015). However, it is not completely known how these factors interact during 
prenatal stages of development or during regulation of bone (re)modeling in 
postnatal stages. 
One of the most remarkable features reported for some bathyergid species 
in the last 10 years are their high bone compactness (thick cortical walls) and 
scarce bone resorption throughout life, which resulted in a positively imbalanced 
mineral metabolism with low levels of bone loss during life (osteopenia) (e.g. Pinto 
et al., 2010; Montoya-Sanhueza & Chinsamy, 2017, 2018; Carmeli-Ligati et al., 2019). 
The process of cortical thickening, including high mineral bone density (BMD) is 
genetically regulated in mammals such as rodents and humans (Beamer et al., 
1996; Roselló-Díez & Joyner, 2015), so similar regulation factors for the skeletal 
system of bathyergids is expected. 
 
6.1.1 Factors Regulating Bone Modeling 
Bone modeling is a mechanism which has a strong physiological and 
biomechanical regulation, and more specifically by endocrine and load-bearing 
factors (Hall, 2015). It is known that increased mechanical load and activity are 
important stimulators of bone formation, as well as inhibitors of bone resorption 
(e.g. Burger & Veldhuijzen, 1993; Whedon & Heaney, 1993; Hillam & Skerry, 1995; 
Carter et al. 1996; Carter & Beaupre, 2001). Mechanical factors also have important 
effects on bone growth during early ontogeny (e.g. Hillam & Skerry, 1995; Turner, 
2004; Baron & Horne, 2005). Thus, because of different loads, bone structure and 
tissue distribution (bone geometry) will result in a specific phenotype. For 
example, bones having the same cross-sectional area but different moments of 
inertia (i.e. a measure of bone geometry) will be the product of different 
mechanical loads such as bending or torsion (Pinto et al., 2010). Nevertheless, 
mechanical loads are not only exerted by load-bearing processes, but also by 
muscle activity, which has strong effects on bone growth and geometry, even in 
prenatal life (e.g. Sharir et al., 2011; Felsenthal & Zelzer, 2017). For instance, in the 
absence of mechanical loads during embryogenesis, the osteoblast distribution 
around the bone diaphysis is altered, producing changes in the final shape of the 




inferior bones (Sharir et al., 2011). The cellular components responsible of such 
alterations during postnatal bone modeling are osteoblasts and osteoclasts, which 
can alter proliferation, self-renewal, differentiation, matrix production and 
mineralization (Genetos & Jacobs, 2013). Thus, deciphering how bone modeling 
and its components work and interact, is fundamental to understand the adaptive 
ability of bones, as well as how they were positively selected. 
In this chapter, the main objective is to compare the bone microstructure 
of African mole-rats during postnatal ontogeny to determine the patterns of bone 
modeling among species. It is hypothesized that due to differences in external 
bone morphology among bathyergids, they will show different bone modeling 
patterns (in each bone), which will be evidenced by different composition of bone 
tissue matrices (histodiversity). Additionally, species with higher bone growth 
rates (depicted from Ch. 5) will show increased amounts of rapidly deposited bone 
tissues (i.e. woven bone, compact coarse cancellous bone and perhaps parallel-
fibered bone tissues), while species with slow growth rates will show 
predominance of slowly deposited bone tissues (lamellar bone, lamellated bone, 
and perhaps parallel-fibered bone tissues). Due to the relevance of the pectoral 
girdle and forelimb bones during excavation and burrow construction, the 
humerus and ulna will show faster growth rates as compared to hindlimb bones. 
Two main methodologies are implemented to understand the similarities 
and differences in the pattern of postnatal bone modeling in four species of 
bathyergids. The study of bone growth and development can be addressed using 
static or dynamic histological methodologies. Both are based on the visualization 
of histological sections from decalcified or undecalcified bone samples throughout 
the microscope. Static histology record parameters of the bone at one point in time 
in the life of the individual, while dynamic histology (and dynamic 
histomorphometry) can record cellular activity and its effects on the bone matrices 
during a defined period of time (Stout & Crowder, 2012; Allen & Burr, 2014). These 
methodologies will focus principally on histological descriptions of the 
intramembranous module (i.e. periosteal osteogenesis in the diaphysis of long 
bones).  
Bone modeling in bathyergids has been previously assessed only in B. 
suillus (Montoya-Sanhueza & Chinsamy, 2017). Additionally, the physiology of 
African mole-rats with low metabolic rates and specific thermoregulatory 
capabilities, are also considered to have an impact on the morphogenesis of the 
periosteal module. Due to the extent of this study, for first time analyzing the bone 
microstructure and bone modeling of a complete rodent family, a discussion 
considering the implications of bone modeling and remodeling in rodents is also 
included in this chapter. 
 
6.2 MATERIAL AND METHODS 
A total of 133 individuals of both sexes, including four species were studied: 
Heterocephalus glaber (n = 83), Heliophobius argenteocinereus (n = 30), F. mechowii 
(n = 30) and Cryptomys hottentotus natalensis (n = 10). The study sample 
comprises a wide range of ontogenetic stages (newborns, pups, juveniles, subadults 





tibia-fibula) from either right or left side were studied. In social species, since 
reproductive specimens are represented by one or a couple of individuals, the 
descriptions are based mainly on subordinates, unless the contrary is indicated. 
The study of bone growth and development can be addressed using 
dynamic or static histomorphometric methodologies. Both are based on the 
visualization of histological sections from decalcified or undecalcified bone 
samples under light microscopy. Static methodologies record parameters of the 
bone at one point in time, while dynamic analyses can record cellular activity and 
its effects on the bone matrices during a defined period (Stout & Crowder, 2012; 
Allen & Burr, 2014). 
 
6.2.1 Dynamic Bone Histology 
In vivo bone labelling is the most common technique used for assessing bone 
dynamics and growth rates. This is typically carried out by using fluorochrome 
labels (antibiotics), that are incorporated in to the organism and bound to calcium 
during active mineralization, i.e. osteogenesis (Frost, 1969; Allen & Burr, 2014). 
Two social bathyergid species were studied, Heterocephalus glaber (n = 10) and 
Cryptomys hottentotus natalensis (n = 10). These species were obtained from 
colonies maintained by Prof. Nigel Bennett at the University of Pretoria (UP). H. 
glaber was selected due to its extraordinary features among mammals, specifically 
because is usually considered a poikilothermic organism (Buffenstein & Yahav, 
1991), while C. h. natalensis because represents a generalized and well-studied 
bathyergid genera (Bennett, 2009). Reproductive and non-reproductive 
(subordinate) individuals of both sexes were injected multiple times with 
fluorochromes. Reproductive specimens were included in the analysis to assess the 
effects of attainment of sexual maturity on bone microstructure. To identify the 
specimens within colonies, the specimens of H. glaber were marked with Pit tags 
injected subcutaneously, so that a code is available for each individual. For C. h. 
natalensis, the colonies were kept in individual containers and specimens were 
marked with ink in different parts of their bodies, so that they could be recaptured 
for subsequent injections.  
To monitor bone deposition over an extended period, different 
fluorochrome injections were administrated every 3-4 months: Engemycin-
Oxytetracycline (10%) (Ot), Alizarin (complexone) red (Ar) and Calcein (Cn). The 
first fluorochrome produces yellowish fluorescence, the second one red 
fluorescence and the third one green fluorescence. This sequence permitted 
tracking of bone formation along almost an annual cycle. 
After the last injection (Cn), the animals were euthanized within two weeks 
following the protocol suggested for wild mammals by the “Guidelines of the 
American Society of Mammalogists” and the “American Veterinary Medical 
Association – AVMA” (Sikes et al., 2011; Leary et al., 2013). All procedures were 
carried out on the premises of the UP and by a certified veterinary practitioner. All 
experiments performed in this project are under the regulation and approval of the 
Animal Ethics Committee (AEC – UP), under the project “Skeletal Biology of 
African mole-rats (Bathyergidae): morphology and ontogeny”, number EC024-17 (PI: 




However, in the following descriptions, only Ar and Cn will be described, 
since out of the 18 specimens injected with three fluorochromes (+2 controls), 
none of them registered the first Ot label. Similarly, in a parallel trial consisting of 
two specimens of Heliophobius argenteocinereus also injected with Ot, this 
fluorochrome was not registered. It is likely that this flurochrome was not 
assimilated by the individuals or that this antibiotic had a problematic 
administration that affected all specimens. Further assessment of this antibiotic on 
bone labeling is required to verify its specificity in mole-rats. Nonetheless, for 
these reasons, the histological descriptions of this study only focused on the last 
two labels, the Ar and Cn and are here onwards called “the first injection” 
(corresponding to Ar) and “the last injection” (corresponding to Cn). Additionally, 
most of the labeled specimens showed endogenous fluorescence (orange/red) in 
internal and external contours, which is not associated to the experimental 
labeling performed in this study (see Fig. 6.3).  
This analysis will significantly contribute to the identification of the 
patterns of bone modeling in bathyergids, such as areas of active bone formation, 
types of bone tissues deposited and/or cyclicity during bone apposition. This 
methodology will also help to confirm the origin (endosteal or periosteal) of 
certain bone tissues that are difficult to track in unlabeled sections (static 
histology) due to their ambiguous position within the cortex. 
 
6.2.2 Static Bone Histology 
Static histology is usually used for the qualitative description of histological 
features such as presence of osteons, vascularization, cortical drift, bone 
remodeling, determination of tissue types and age estimation at one point in time. 
The qualitative description of the bone histology and general microanatomy was 
identified following Enlow (1963), Francillon-Vieillot et al. (1990), Bromage et al. 
(2003) and Chinsamy-Turan (2005, 2012). This nomenclature is based mainly on 
osteocyte shape and size, mineralized collagen fiber matrix orientation, tissue 
types and vascularization (e.g. orientation and relative density of canals within the 
bone). The general shape of the cross-section and size of the medullary cavity were 
also described (Fig. 6.1). Osteocyte shape and vascular orientation were easily 
identified under conventional transmitted light, while the pattern of 
mineralization of the collagen fibers was determined using polarized light 
microscopy and a gypsum (¼ lambda) plate. 
The descriptions are focused on determining intra-element ontogenetic 
differences among specimens, as well as inter-element differences in individuals. 
These differences are based on distinctions of the pattern of bone modeling such 
as appearance of simple vascular canals on bone surfaces, recent bone deposits, 
resorptive bone surfaces (irregular margins with obliterated areas on the matrices), 
as well as the presence of cement lines (resting or resorption lines). Patterns of 
bone modeling followed the experimental and descriptive work of Enlow (1963), 
Frost (1987), Parfitt et al. (1987), Goldman et al. (2009) and Parfitt (2010). Since the 
long bones of bathyergids are composed of thick cortical walls with a diverse 
arrangement of bone tissues, it is preferable to describe such features considering a 





sectors of the cortex, from internal to external surfaces: endocortical, intracortical 
and pericortical (Fig. 6.1) (Allen & Burr, 2014). 
 
6.2.3 Preparation of Undecalcified Cross-Sections 
Undecalcified thin sections permit a more precise identification of the 
tissues under polarized light microscope due to the differential orientation of the 
mineralized collagen fibers (Bromage et al. 2003). Standard undecalcified 
histological procedures (Chinsamy & Raath, 1992) were used to obtain the thin 
sections for both the dynamic and static bone histology. The midshaft of the 
diaphysis was selected for comparative purposes since this region is directly 
implicated with the mechanical behavior of the bone when exposed to different 
loads and strains, thus allowing to observe the pure axial effects of a tubular 
structure (Carter & Beaupré, 2001; Brianza et al. 2006). This is especially relevant in 
animals performing parasagittal movements such as scratch-digging species, which 
are expected to undergo higher bending stresses in this bone region than animals 
with normal (cursorial or ambulatory) locomotion (Hildebrand, 1985; Biewener & 
Taylor, 1986; Carter & Beaupré, 2001; Leppänen et al., 2006). In the humerus, the 
presence of a deltoid tubercle in the midshaft (50% of the bone length) of most 
bathyergid species (Fig. 6.1, see details in Fig. 4.1, 4.5 in Ch. 4,), affected the tubular 
cross-sectional geometry of this bone, so the sectioning was performed below this 
structure (Fig. 1A, B). Studies in other vertebrates have also showed that the 
midshaft is usually not extensively remodeled and/or resorbed, thus recording the 
most complete sequence of the ontogenetic development (e.g. Chinsamy-Turan, 
2005; Kriloff et al. 2008; García-Martínez et al. 2011; Quémeneur et al. 2013; 
Montoya-Sanhueza & Chinsamy, 2017). 
Transverse sections from the mid-diaphysis were prepared at i) ∼50% of 
the total length from the proximal articular surface of the ulna and femur (and 
humerus of naked mole-rats, which lacked the development of a deltoid crest), ii) 
below deltoid tubercle in the humerus of all species (except naked mole-rats), and 
iii) at the proximal tibio-fibular junction of the tibio-fibula (Fig. 4.4). Thin sections 
of ∼80 – 100 µm thickness were obtained, and high-quality photomicrographs were 
taken with a Nikon Eclipse E200 Polarizing Microscope and the polarizing 
Microscope Axio Lab A1 (Department of Biological Sciences - UCT). Further details 
of the preparations are reported elsewhere (Montoya-Sanhueza, 2014; Montoya-
Sanhueza & Chinsamy, 2017). The flurochrome labels were detected using confocal 
fluorescence microscopy (Zeiss LSM 880 Confocal - Fast AiryScan Technology) at 







FIGURE 6.1. Long bone cross-sections and main microstructural features described in this 
study (for humerus and femur). A) Lateral view of the humerus of Heterocephalus glaber 
cut at the 50% from the proximal articular surface (red band), showing the deltoid crest 
(DC), as well as its generalized bone microanatomy with characteristic elongated shape. B) 
Lateral view of the humerus of a generalized bathyergid (excluding naked mole-rats), 
showing the 50% location from the proximal articular surface (double arrowed lined) and 
the actual 55-61% location where the bones were cut (red band). These percentages vary 
according to the species (see Table 4.4 in Ch. 4). C) Bone microanatomy of the femur of a 
generalized bathyergid (including naked mole-rats). Three cortical regions (indicated in 
shades of gray) were loosely defined in terms of proportional location within the cortex 
(see Montoya-Sanhueza & Chinsamy, 2017). Abbreviations: anterior (a), lateral (la), 
medullary cavity (MC), resorption cavity (RC), trabeculae (Tr) and isolated trabeculae (iTr) 
within the MC. Bone cross-sections are not to scale. 
 
6.3 RESULTS 
The focus of this chapter is to describe the patterns of bone modeling in limb 
bones of AMs. Two major sections are included: bone labeling and comparative 
ontogenetic bone histology. The results of two taxa (Heterocephalus glaber and 
Cryptomys hottentotus natalensis) injected with fluorochromes are reported first 
(bone labeling), and then the detailed bone microstructure of Heterocephalus 
glaber, Heliophobius argenteocinereus and Fukomys mechowii is described. 
Each taxon is dealt with separately, and descriptions for each element are 
described separately. 
 
6.3.1 Bone Labeling 
6.3.1.1 Heterocephalus glaber (Naked Mole-Rats) 
Body size. Figure 6.2 indicates that the body sizes of the specimens studied 
here (n = 6) are intermediate as compared to the largest and smaller specimens of 
the total number of individuals that formed part of the complete study (n = 67). 
Note that the sample included several specimens of known age (triangles in Fig. 
6.2). Thus, it can be observed that the specimens treated with fluorochromes had 





Humeral bone modeling. Most specimens showed thick cortical walls 
with relatively small MCs. However, the reproductive queen (#506) showed 
thinner cortical walls and increased cortical porosity, especially in the anterior side 
of the bone. In general, the bone microanatomy was similar in all specimens, i.e. 
more or less triangular in shape and elongated towards the anterolateral region 
(Fig. 6.1 and 6.3), with the medial side being usually concave while the lateral side 
being convex. Some trabeculae are associated with the endocortical region and 
sometimes appear isolated within the MC (Fig. 6.3). The bone tissue distribution is 
quite similar among specimens, showing disorganized tissues in the anterior 
region (e.g. WB and CCCB). Nonetheless, PFB and PLB were also observed in 
lateral, medial and posterior sides of the bone. No major histological differences 
were found among the subordinate specimens. Similarly, the histology of the 
specimens did not correlate with body size, although one specimen, the #511 
showed higher levels of bone formation as compared to the rest (Fig. 6.3D). 
All fluorochrome labels were found associated with the endocortical and 
intracortical regions, with no labels found in the pericortical region (Fig. 6.1 and). 
This contrasts with the fluorochrome activity found in the periosteal region of the 
femur (see below), implying that periosteal growth in the humerus ceased before 
than in the femur. Most bone formation also appeared to be associated with 
trabeculae in the MC, as well as on the medial side of the endocortical region and 
in the anterior side of the intracortical region. Most labels correspond to lamellar 
bone depositions. Endosteal bone resorption was observed on the lateral side. The 
data suggest that in individuals of intermediate body size, the humerus grows 
slowly towards the lateral side of the diaphysis. 
Ulnar bone modeling. All the specimens showed similar microanatomical 
(tear-drop) shape. This consisted of thick cortical walls and a small MC. The MC 
did not show trabeculae. The ulna appeared to be the thickest element among all 
the limb bones studied. In general, the cortex consisted of mostly PFB and LB, 
although some patches of WB were also observed. The anterior and posterior sides 
of the bone were mostly composed of PFB and PLB. Sharpey’s fibers were 
associated with margins of these areas. 
Only three individuals showed anabolic activity (#507, #510 and #511) in the 
ulna. Most bone formation was detected in the posterior side of the endocortical 
region and associated with LB deposition. In general, this element showed a lower 
level of bone formation as compared to the humerus (and femur). Considering 
this, and that only three specimens showed bone formation, it is probably that the 
ulna may have ceased growth before than stylopodial elements, thus suggesting 
slower growth rates for this bone during adulthood in comparison to stylopodial 
elements. This may be related to lower degrees of mineral homeostasis in 
zeugopodial elements, which may represent either lower bone turnover or 
unbalanced bone modeling due to higher bone loss. Nevertheless, no significant 
signs of bone resorption were observed in this bone. Considering the scarce 
presence of resorption cavities and the scarce osteoblastic activity, this bone seems 
to have a rather stable mineral homeostasis during these ontogenetic stages, which 
could be related to functional aspects of the arm. However, the analysis of the ulna 







FIGURE 6.2. Scatterplots of limb bone measurements of subordinate naked mole-rats 
(Heterocephalus glaber) for comparison of body sizes. Reduced major axis regressions of 
humeral (A) and tibial length (B) against femoral length. The sample includes specimens 
injected with fluorochromes (black circles) and the other specimens not injected (white 







FIGURE 6.3. Fluorochrome double labels in the humerus of Heterocephalus glaber 
(observed by confocal fluorescence microscopy). All specimens are females (A, 
#507; B, #509; C, #510; D, #511). The internal and external contours of some bones 
showed endogenous fluorescence in orange/red (see text). Abbreviations: (a) 
anterior; (la) lateral, (i.Tr) isolated trabeculae. Scale bars = 200 μm. 
 
Femoral bone modeling. All specimens showed similar bone 
microanatomy, with thick cortical walls and relatively small MC. The lateral side of 
the bone is clearly defined as a pointy projection. This bone showed more 
variability in the types of bone tissues observed as compared to the humerus. Most 
of the cortex is composed of PFB, ELB and PLB. Radial vascularization was more 
evident. 
The most active (anabolic) regions were detected in trabeculae and 
endocortical regions (medial and lateral sides) (Fig. 6.4). However, most of the 
fluorochrome bone labels were recorded in the endocortical region, and some of 
them in the pericortical region, in the region of the tip of the lateral side of bone, 
close to the distal origin of the third trochanter. Endocortical resorption was more 
evident in the anteromedial region. These labels indicate a trend of bone 
deposition towards the lateral side in adults. 
Tibial bone modeling. The bone microanatomy of this bone was the most 
variable among elements analyzed, ranging from circular to ellipsoidal to irregular 
(triangular). Nevertheless, all specimens showed thick cortical walls and a 
relatively small MC. The cortex was composed of PFB, PLB and ELB, with some 






FIGURE 6.4. Fluorochrome double labels in the femur of Heterocephalus glaber 
(observed by confocal fluorescence microscopy). All specimens are females (A, 
#507; B, #509; C, #510; D, #511). Note the line of arrested growth (LAG) in the 
lateral tip of the specimen #509. The internal and external contours of some bones 
showed endogenous fluorescence in orange/red (see text). Abbreviations: (a) 
anterior; (m) medial, (i.Tr) isolated trabeculae. Scale bars = 200 μm. 
 
In this bone, mostly Cn was observed in endocortical regions, although the 
specimen #511 appeared to form bone in localized areas of the pericortical region. 
This bone also seems to show lower bone formation rates as compared to the 
femur (and humerus). One explanation for this is that imbalance bone modeling 
occurs in this bone (i.e. higher bone resorption is present in the tibia), although no 
signs of extensive resorption were observed. This indicates that the tibia has scarce 
bone loss, like the ulna. This data suggests that zeugopodial bones have a more 
neutral bone homeostasis, so bone turnover is comparatively lower than seen in 
stylopodial bones, and this is probably related to the earlier attainment of skeletal 
maturity hypothesized for these distal elements. 
 
6.3.1.2 Cryptomys hottentotus natalensis (Natal Mole-Rats) 
Body size. The specimens of C. h. natalensis studied here (n = 10) were 
representative of larger body sizes of the complete sample of C. hottentotus 
included in this study (n = 53, Fig. 6.5). The Figure 6.5 shows the distribution of the 
fluorochrome labeled specimens based on bone lengths. The sample of C. h. 





and were born in captivity (Fig. 6.5), while the other Natal mole-rats were captured 
in the field.  
Humeral bone modeling. The specimens showed different stages of bone 
modeling. Specimens showed relatively thick cortical walls and large MCs, with the 
anterior side having thicker cortical walls, and the posterior side being much 
thinner. Trabeculae were observed, sometimes crossing the MC (Fig. 6.6G). The 
humeral bone microanatomy was quite variable (Fig. 6.6), which can be explained 
by the differences in bone modeling. The mediolateral diameter appears to be 
slightly wider than the anteroposterior diameter (Fig. 6.6).  
All injected specimens showed at least one label, five showed only one label 
and three individuals showed two labels (all females). The largest specimens (two 
males) showed only the last injection of Calcein (Cn). Two small males showed 
only the Alizarin red (Ar) label. The females, which were the smaller individuals of 
the sample showed two bone labels (Ar and Cn).  
Fluorochrome labels were mostly found in the endocortical and 
intracortical regions of the bone, especially on the anterior side (Fig. 6.6B-G). 
Labels associated with the pericortical region were found in a few individuals and 
usually associated with the posterior side of the bone (Fig. 6.6 B, E, G). Considering 
all the specimens, these labels formed a clear pattern of bone growth: the anterior 
part of the humerus grows mostly by endosteal bone apposition, evidenced by an 
intracortical label of Ar (first injection) (Fig. 6.6E), usually followed by a label of 
Cn (last injection) in the endocortical region. This indicates a clear trend for 
cortical drift towards the anterior side, in the direction of the projection of the 
deltoid tubercle. Similarly, the labels observed in the anterior region were irregular 
in shape, following the contour of the endosteal surface. The bone tissues observed 
in the anterior region were mostly WB, CCCB and ELB. The finding of CCCB in this 
region is most likely a result of trabecular bone compaction associated with the 
development of the deltoid tubercle. This indicates that CCCB can also been found 







FIGURE 6.5. Scatterplots of limb bone measurements for comparison of body sizes 
between the Natal mole-rat (black circles - Cryptomys hottentotus natalensis) and the 
common mole-rat (hollow circles - C. hottentotus). Reduced major axis regressions of 
femoral length against body mass (BM) (A) and humeral length against femoral length (B). 
The sample includes specimens injected with fluorochromes (black circles) and non-
injected specimens (white circles). The specimens #520♀ and #521♂ are 18 months old and 







FIGURE 6.6. Fluorochrome double labels in the humerus of Cryptomys hottentotus 
natalensis (observed by confocal fluorescence microscopy). Males (A-C and H) and Females 
(D-G). The internal and external contours of some bones showed endogenous fluorescence 
in orange/red (see text). Abbreviations: (a) anterior; (la) lateral. Scale bars = 200 μm. 
 
Ulnar bone modeling. The specimens showed different stages of bone 
modeling. This bone showed thicker cortical walls as compared to the humerus of 
the same individual. The MC lacks trabeculae. The posterior side is usually slightly 
thicker than the anterior side, whereas the medial and lateral sides are thinner. 
The bone microanatomy and MC are ellipsoidal.  
Four specimens showed only one label and three specimens showed both 
labels, which are all females (Ar and Cn). Considering all the specimens, these 
labels showed that the bone grows mostly in the anterior and posterior regions. 
The specimens #518, #519 and #520 showed the clearest bone labels. 
Femoral bone modeling. The specimens showed different stages of bone 
modeling (Fig. 6.7). Generally, this bone showed thick cortical walls and large 
MCs. No trabeculae were observed. All sides of the bone were relatively similar in 
thickness. The bone microanatomy and MC are ellipsoidal. Some specimens (3) 
showed only one flurochrome (either Ar or Cn). Three specimens showed both 
labels, which are all females (Ar and Cn) (Fig. 6.7). Fluorochrome labels showed 
endosteal and periosteal bone formation. The specimens #518, #519 and #520 




isometrically around the MC (Fig. 6.7A-F), while periosteal bone growth occurs 
towards the posterolateral direction (Fig. 6.7F). This growth pattern matches the 
description of previous studies of B. suillus (Montoya-Sanhueza & Chinsamy, 2017). 
Some specimens showed only the last injection, indicating that bone apposition 
did not occur at the time of the injection of Ar or because of other factors such as 
low dosage may have affected the appropriate attachment of the fluorochromes to 





Figure 6.7. Fluorochrome double labels in the femur of Cryptomys hottentotus natalensis 
(observed by confocal fluorescence microscopy). Males (A-B and G) and Females (C-F). The 
internal and external contours of some bones showed endogenous fluorescence in 
orange/red (see text). Abbreviations: (a) anterior; (m) medial. Scale bars = 200 μm. 
 
Tibio-fibular bone modeling. The specimens showed different stages of 
bone modeling. The tibia and fibula were fused in all specimens, although both 
bones are still clearly differentiated in the cross-sections. The tibia showed thick 
cortical walls and a well-defined MC, while the fibula is elongated and is 
significantly smaller in size, usually with an occluded MC. All sides of the bone 
wall of the tibia were relatively similar in thickness. The fibula fuses to the 
posterolateral side of the tibia, so that the general microanatomy of this fused bone 
results in a tear-drop shape. Some specimens showed trabeculae in the tibia, as 
well as uneven endosteal surfaces. Five specimens showed only one label (either Ar 
or Cn), and only two specimens showed both labels, which are all females (Ar and 





specimens #518 and #520 showed the clearest bone labels. Endosteal and periosteal 
bone apposition occurred mostly isometrically around bone surfaces.  
 
6.3.2 Comparative Ontogenetic Bone Microstructure 
Ontogenetic sequences are described for each taxon separately, first giving a 
general description of their bone microstructure, and then describing each bone 
separately during ontogeny.  
 
6.3.2.1 Heliophobius argenteocinereus 
The sample studied here comprises pups, juveniles and adults of known age 
from 1 month to 12 years old (n = 30). Thus, the sample encompasses a complete 
postnatal ontogenetic sequence and a wide range of body sizes. 
During the perinatal period, the cortical walls are thick, and the MC is 
incompletely formed. At this point in bone development, the midshaft 
microanatomy of the different bones already resembles the general shape of the 
adults, except for the ulna which differs from the irregular shape of the adults and 
being subcircular in newborns (Fig. 6.8). The bone matrix is composed of highly 
vascularized WB (#165-167, Fig. 6.8A). In general, forelimb bones have larger cross-
sectional areas as compared to the hindlimb bones. in zeugopodial bones, the MC 
is formed first, indicating advanced endosteal resorption in these elements. In 
juveniles, the bone has grown considerably in size from the newborn size, but the 
cortical walls become thin and the MC shows a considerable expansion in all the 
bones studied. In juveniles, the ulna and tibia thicken first as compared to the 
humerus and femur, respectively. The femur seems to be the most delayed in 
terms of cortical thickening (both in terms of periosteal and endosteal apposition), 
while the tibia has comparatively smaller MCs sizes than the femur. The ulna also 
shows growth marks (zonal bone) during juvenile stages. Additionally, from 
juvenile stages onwards, all the long bones become thicker during ontogeny, and 
the MC becomes relatively smaller for each bone (Fig. 6.8B). In advanced juvenile 
stages, thick cortical walls are observed in all bones, although the ulna and tibia 
showed the thickest cortical walls, and the humerus and femur the least thick. The 
cortex of juveniles typically showed a homogenous bone tissue composition, 
comprising mostly of a predominance of PFB and LB, whereas CCCB was not 
commonly observed in most bones (Fig. 6.8B). The cortex also lacks a dense 
vascularization, although they showed high cellularity (i.e. high osteocyte density) 
(Fig. 6.8B). The adults showed variable degrees of cortical thickening, but in 
general they showed thick cortical walls, and most of the cortex is composed of 
slowly deposited and highly organized bone tissues (ELB and PLB) (Fig. 6.8C).  
In the humerus, cortical walls are thick but not as thick as in the ulna or 
femur. Endosteal surfaces showed high levels of bone resorption in juveniles, 
sometimes including a high degree of trabecularization of the endocortical region, 
so the MC is often not well defined. Endosteal margins become more even and 
lined by a thin layer of ELB during later stages of ontogeny. The growth of the 
humerus is marked by the development of the DP, which showed increased 
intracortical porosity as compared to other regions of the bone and a mixture of 




vascularization are present, but in general they are rather scarce. This lack of 
vascularization seems to be countered by the high cellularity found in general in all 
bones. In adults, the lateral side shows more radial canals embedded in a matrix of 
PFB + PLB, while the medial side has almost no vascularization and is 
predominantly composed of slowly deposited bone tissues (LB), including LAGs 
(Fig. 6.8C). In adults, the posterior side shows zonal bone, mostly composed of 
PFB and LB forming GMs (Fig. 6.8C).  
During perinatal stages, the midshaft cross sections of the ulna has a rather 
circular microanatomy, which becomes ellipsoidal during late stages of perinatal 
life. The growth pattern of the ulna is quite marked from early life to adulthood: 
the anterior side is thick and composed of highly vascularized WB, whereas the 
posterior side is composed of the same matrix, but the bone wall is thinner. 
Contrarily, the mediolateral aspect grew proportionally less, with one side having 
reticular vascularization, while the other side is highly compacted with LB. This 
growth pattern occurs throughout ontogeny and results in the formation of zonal 
bone in the posterior region (with alternating layers of PFB and LB) with an 
intracortical layer of WB/CCCB and longitudinal vascularization (i.e. 
vascularization in the posterior region of the ulna runs parallel to the long axis). 
This zonal bone can be of two types according to the ontogenetic stage: i) bands of 
PFB with LB annuli in older stages, and/or ii) bands of WB with thin layers 
(“annuli”) of PFB in younger stages. The anterior side shows a mixture of bone 
tissues (including CCCB and PLB) and high amount of Sharpey’s fibers (SF). The 
latter probably indicates the interosseous ligament that connects the radius to the 
ulna. This is observed from early ontogeny. In adulthood, the anterior side is 
slightly thinner than the posterior cortical wall, indicating that the posterior region 
continued growing throughout ontogeny, and that the anterior region probably 
stopped growing due to its proximity to the radius. The mediolateral aspect is 
clearly identified because the medial side tends to be convex and it is composed 
predominantly of ELB, whereas the lateral side is rather concave and composed of 
WB, indicating a slight cortical drift towards the medial side. 
The femur grew towards the posterolateral side, and sometimes showed a 
less marked cortical drift as compared to other species (e.g. B. suillus), probably 
due to the lesser development of the third trochanter. However, other specimens 
showed a marked cortical drift, although this did not involve localized reduction in 
cortical thickness in some sides of the section. This means that marked cortical 
drift can be present without involving a detriment in the thickness of some sides of 
the bone, and that endosteal bone formation can considerably counteract the 
resorption occurring on the periosteal surface of that side. No Haversian bone 
tissue was observed in any bone, and in fact H. argenteocinereus showed scarce 
osteonal development. 
The tibia is unfused to the fibula in perinatal specimens, but the fusion 
occurs in the late juvenile stages, and it is associated with the posterior side of the 
tibia. In juveniles, the microanatomy of these bones is circular in the tibia and 
ellipsoidal in the fibula. The region of fusion of these bones is composed of LB. 
When fusion occurs, both bones maintain independent MCs, although the fibula 
loses its own MC later in ontogeny, although sometimes some small cavities 





throughout ontogeny. The tibio-fibula has relatively thick cortical walls. The cortex 
is composed of LB with scarce vascularization, while the anterior section (in tibia) 
is composed of WB with some radial canals. The cortex of the fibula is composed of 
PFB. In adults, a layer of PLB is observed around the tibio-fibula. Both bones 
showed high cellularity. Radial and longitudinal vascularization are observed 
mostly in the tibia, whereas the fibula is rather avascular. Few osteons are observed 
in the tibia. 
 
 
FIGURE 6.8. General humeral bone microstructure of perinatal (A: #165), juvenile (B: #167) 
and adult (C: #174) Heliophobius argenteocinereus. Arrows indicate three lines of arrested 





6.3.2.2 Fukomys mechowii 
The sample studied here comprises perinatal specimens, juveniles and adults of 
known age from one day old to 13 years old (n = 30). This sample encompasses a 
complete postnatal ontogenetic sequence and includes a wide range of body sizes. 
Newborns (one day old) specimens showed thick cortical walls with a 
poorly-developed MC. The bone microanatomy of most bones is generally circular, 
although the humerus and ulna already showed their main triangular and 
ellipsoidal shapes, respectively (#196, Fig. 6.9). All bones showed highly 
vascularized WB matrices, and the endosteal margin is highly trabecularized. 
Vascularization is mostly laminar in organization. Isometric bone expansion is 
predominant in most bones, although the ulna already shows a tendency for 
growing in the anteroposterior regions. Around one month old, specimens had 
considerably larger bones in terms of cross-sectional area but showed a similar 
bone matrix composition (highly vascularized WB), although they were less 
vascularized (#208, Fig. 6.9). At this stage, the MC is more developed and relatively 
defined by an endocortical region with more organized bone tissues (ELB). This 
layer of ELB is clearer in the ulna, whereas the rest of the bones have a variable 
development of this layer. In the femur, the anterior side shows a clear lamellar 
(LB) organization under polarized light, while the posterior side shows a rapidly 
growing vascularized WB matrix (#208, Fig. 6.9A). By 4 months, the specimens 
show differences in the development of the fore- and hindlimbs. The hindlimb 
bones develop a clear band of ELB around the MC (Fig. 6.9B), whereas the forelimb 
bones show a less developed (thinner) ELB (#212). This is probably related to the 
scarce endosteal bone resorption in the hindlimbs, as well as a higher medullary 
expansion (resorption) of the humerus and ulna. One-year old specimens already 
show the main gross morphology of the adult phenotype, but are still growing, 
with no evident endosteal expansion of the MC, indicating that endocortical bone 
resorption is limited. ELB is deposited and periosteal growth occurs in all bones. 
The humerus show the highest intracortical porosity among all bones. The bone 
thickness at this stage is not as high as compared to other species of solitary 
bathyergids of similar age (e.g. B. suillus). Old mature specimens (about 10 years 
old) showed all bones with thick cortical walls and intact cortices, i.e. without 
extensive resorption (Fig. 6.9C), except the humerus which it is known to have 
higher intrinsic intracortical porosity as compared to the other bones (Montoya-
Sanhueza & Chinsamy, 2017). In general, the humerus was the larger bone in cross-
sectional area in early ontogeny as compared to the ulna, femur and tibia. 
However, in late ontogeny, the femur is slightly larger in size. Similarly, the 
midshaft cross-sectional area of the ulna appears larger in early ontogeny as 
compared to the tibia but is surpassed in size later in life by the tibia. This data 
suggests higher growth rates in stylopodial elements as compared to zeugopodial 
elements, although larger bones showed higher intracortical porosity. Forelimbs 
also seem to show accelerated growth during early ontogeny, which allow them to 
reach somatic maturity earlier than hindlimbs. Hindlimbs continue growing slowly 
during life, reaching higher amounts of bone deposition, probably associated to 
lower bone resorption of these bones. 
With respect to the fusion of the tibia and fibula, these bones fuse early in 





fused are composed of PFB/PLB. It is possible that the fusion occurs because both 
bones grow towards each other. Ontogenetically earlier staged specimens showed 
that the growth direction of the tibia was towards the lateral side (Fig. 6.9), so 
towards the fibula, although the fibula shows a more isometric growth. None of 
the specimens showed Haversian tissue, but randomly distributed small secondary 




FIGURE 6.9. General femoral bone microstructure of perinatal (A: #202), juvenile (B: #214) 
and adult (C: #219) Fukomys mechowii. Arrows indicate five lines of arrested growth 
(LAGs). Abbreviations: MC, medullary cavity. 
 
6.3.2.3 Heterocephalus glaber 
The sample studied here comprises juveniles, as well as subordinate and 
reproductive adults (n = 60; Fig. 6.2). Some individuals are of known age (Fig. 6.2), 
and the complete sample comprises a wide range of body sizes (Fig. 6.2). 
Individuals of ~4 months old have all bones with thin cortical walls 
composed of WB and an enlarged MC. No vascularization is observed. The 




the adults (Fig. 6.10), although the ulna and tibia have a less differentiated and 
rather ellipsoidal shape as compared to the adult phenotype. In juveniles, bone 
thickening occurs especially in zeugopodial elements which show slightly thicker 
cortical walls than the stylopodial elements. However, at this stage of bone 
development, the zeugopodial elements have reached their adult microanatomy 
(#046Fig. 6.10B). In general, the bones grow isometrically from all periosteal bone 
surfaces and no extensive bone resorption is observed, although the humerus 
shows more intracortical resorption on the anterolateral side. At this stage, the 
humerus and femur are similar in shape and the bone matrix indicates similar 
growth rates during early ontogeny. Some small specimens showed lamellar bone 
deposits in the endosteal and periosteal regions, indicating that the bone tissue 
composition changes to a more organized matrix in advanced juveniles. Lamellar 
bone is variably deposited depending on the bone and region of the cross-section. 
In the humerus, LB is associated with the endocortical region of the medial side. 
The anterolateral side of adult bones show a mixture of bone tissues, mostly WB 
and CCCB (Fig. 6.10C). This region has an irregular periosteal surface, with some 
longitudinal canals. The concave form of the lateral side of the humerus is still not 
well-developed. The ulna already shows its adult morphology and is composed of a 
mixture of bone tissues including LB, PFB and WB. The lateral (concave) side is 
mostly composed of WB, while the medial side shows zonal bone including bands 
of WB and PLB (annuli). The anteromedial region is mostly composed of PLB. The 
femur showed considerable amounts of PLB in the posterior and lateral sides, 
whereas WB was still observed in the anterior and medial sides. Similarly, ELB also 
occurs in the anterior and medial regions. This indicates that the growth of the 
femur occurs towards the posterolateral side, as observed in B. suillus (Montoya-
Sanhueza & Chinsamy, 2017). The transition between WB and LB depositions is 
observed clearly in the tibia as well. During ontogeny, the amount of LB in the 
cortex increases in all bones although remnants of WB, CCCB and PFB can also be 
observed. In general, secondary osteons (SOs) were limited to 1-3 per bone (Fig. 
6.12). 
In the humerus, skeletally mature specimens 28 months old (2.33 years) 
have a more quadrilateral (robust) shape and a reduced MC, with a layer of ELB 
and endosteal resorption in some areas. Some trabeculae are observed (Fig. 6.3). 
Thick cortical walls show higher degree of radial vascularization, especially in 
lateral and posterior sides (Fig. 6.10C). The anterolateral side can show RCs, 
probably associated with the deltopectoral crest running along the shaft (Fig. 
6.10C). Vascularization is in general composed of thin (and unbranched) simple 
canals. The anterior side show more SFs and a mixture of bone tissues (e.g. WB, 
CCCB and PFB) with extremely high bone cellularity. LAGs and annuli are 
observed in the lateral side running around the posterior side. The medial side has 
more SFs subperiosteally, and some lamellated bone is also observed in 
subendosteal regions (Fig. 6.10B). The largest individuals show similar bone 
microstructure to previous ontogenetic stages although some limited endosteal 
resorption can be observed. The anterolateral side of the bone shows more 
intracortical resorption, with large RCs (Fig. 6.10C).  
In the femur, skeletally mature specimens 34 months old (2.83 years) have 





observed in some specimens. No differentiated layer of ELB can be observed and 
the endosteal margin is under resorption in some areas. The cortex is composed of 
mostly subperiosteal PFB, especially on anterior side, although some layers of LB 
are also observed on the posterior side, as well as in the endocortical and 
pericortical regions. These regions consist of clear lamellated bone. Bundles of 
Sharpey’s fibers are associated with the periosteal margin of the posterior side. 
Radial vascularization is observed in the anterior region of the cortex. The tip of 
the lateral region of the cross-section is composed of LB and show several LAGs. 
No trabeculae are observed. Apart from the increased bone resorption in some 
regions and the appearance of intracortical radial and longitudinal vascular canals 
and small RCs, minimal microstructural changes are observed in older specimens. 
The tibia has a subcircular shape in cross-section, with thick cortical walls 
and a relatively small MC with no trabeculae. The cortex is composed of WB and 
predominantly PFB, as well as lamellated bone. The bone shows high cellularity in 
general and no apparent vascularization. A layer of ELB is observed surrounded by 
a resorption line (RL). This bone also presents several LAGs. 
 
 
FIGURE 6.10. General humeral bone microstructure of perinatal (A: #046), juvenile (B: 






The osteohistological descriptions made in this study represent a unique record of 
the patterns of bone modeling in African mole-rats (Bathyergidae, Rodentia). In 
general, osteohistological studies have been essential to understand bone growth 
and development in vertebrates. In mammals, most of these studies have been 
carried out to address physiologic and metabolic dynamics associated with 
osteoporosis and bone healing (e.g. Stout & Crowder, 2012; Allen & Burr, 2014), as 
well as to assess mechanical and mechanobiological aspects of bone adaptation 
(e.g. Carter & Beaupré, 2001; Robling et al. 2014). A considerable proportion of 
these studies have been conducted in single species, such as laboratory rodents 
(Mus musculus and Rattus norvegicus) and humans, and secondarily in other non-
human primates (e.g. Enlow, 1963; Burr, 1992). Ungulates, carnivores and 
lagomorphs have also been important models to assess metabolic and 
biomechanical aspects of the skeleton (e.g. Skedros et al. 1997, 2004; Jee & Yao, 
2001; Martiniakova et al. 2003, 2005a). However, until now the only group where a 
wide ontogenetic and within-family sampling has been done is in primates 
(McFarlin, 2006; Warshaw, 2008; McFarlin et al. 2016). For these reasons, the 
present study also provides a valuable contribution for the understanding of bone 
modeling in mammals. 
Previous studies assessing appendicular bone microstructure in bathyergids 
assessed different aspects of its biology and were diverse in the extent of 
description (e.g. Botha & Chinsamy, 2004; Chinsamy & Hurum, 2006; Pinto et al., 
2010; Montoya-Sanhueza, 2014, Montoya-Sanhueza & Chinsamy, 2017, 2018, 
Montoya-Sanhueza et al., 2019; Carmeli-Ligati et al., 2019). These studies focused 
on the smallest and largest bathyergds, H. glaber and B. suillus, respectively. 
Osteohistological descriptions for all zeugopodial and stylopodial bones were only 
done for B. suillus (Montoya-Sanhueza & Chinsamy, 2017), whilst detailed 
descriptions of the bone microstructure of naked mole-rats were principally based 
on 3D scans and histological assessments of the femur only (Pinto et al., 2010; 
Carmeli-Ligati et al., 2019). Thus, no osteohistological information on bone 
modeling currently exists for other bones of the skeleton of naked mole-rats. Brief 
descriptions of femora of few adult specimens were done by Botha & Chinsamy 
(2004), Chinsamy & Hurum (2006), Edrey et al. (2011) and Montoya-Sanhueza & 
Chinsamy (2016). The latter study also included a brief description of the histology 
of adult humeri of naked mole-rats. In the current study, a comprehensive analysis 
of the long bone ontogeny of four species of AMs, including naked mole-rats, is 
provided and describes the histodiversity, matrix composition, bone modeling, 
osteonal formation (remodeling), secondary reconstruction, and cortical drift, 
among other aspects.  
The main features observed during the ontogeny of African mole-rats are 
the increased cortical thickening of all long bones and the scarce endosteal and 
intracortical bone resorption (Fig. 6.5-6.6, 6.8-6.10). These processes contrast with 
the observations among most surface-dwelling mammals, where diaphyseal bone 
shows relatively large medullary cavities and thin cortical walls, mostly due to 





2002; Castanet, 2006; Young et al., 2010). Similarly, surface-dwelling mammals 
show more pronounced bone loss with ageing as a result of osteopenia, which 
occurs at endosteal and intracortical surfaces (Duque & Watanabe, 2011). The 
scarce resorption evident throughout ontogeny in AMs, suggests that osteopenia is 
a limited process in AMs, and the lack of bone loss is the main contributor to 
maintain cortical thickening during ontogeny (Montoya-Sanhueza & Chinsamy, 
2018). 
The scarce bone resorption of AMs preserves an excellent record of their 
ontogenetic bone tissue development throughout ontogeny. Several bone tissue 
types including woven bone (WB), compacted coarse cancellous bone (CCCB), 
fibrolamellar bone (FLB), parallel-fibered bone (PFB), lamellar bone (LB) and 
lamellated bone tissues (LLB) were observed during ontogeny. The processes of 
postnatal osteogenesis are summarized in Table 6.1. In general, newborns and pups 
of all species (except the newborns of H. glaber, which were unavailable) showed 
highly vascularized WB, and highly compacted cortical walls with a small 
medullary cavity (Table 6.1; Fig. 6.8A-6.9A). From juvenile stages, most species 
showed thin cortical walls, which becomes thicker by periosteal and endosteal 
deposition and subsequently stratified in later ontogenetic stages. Subadults and 
adults showed thick cortical walls, with zonal bone (Table 6.1; Fig. 6.8C-6.10C). 
Zonal bone was of two types according to the ontogenetic stage: i) in early 
juveniles, bands of WB with thin layers (“annuli”) of PFB, and/or ii) in adult stages 
bands of PFB with annuli of LB. This aspect is discussed in detail below. 
Lamellated bone was also present in some bones and was quite abundant in naked 
mole-rats (Fig. 6.10C). Growth marks (i.e. annuli and LAGs) were observed in all 
species and in all bones in a variable number, as well as secondary osteons (see 
below). For comparative purposes, a detailed description of limb bone modelling 
in the largest bathyergid, B. suillus, can be found in Montoya-Sanhueza & 











































































































































































































































































































































































































































































































































































6.4.1 Bone Labeling 
H. glaber and C. h. natalensis showed different degrees of bone modeling. Most of 
the bone formation found in H. glaber was associated with endosteal surfaces, 
including trabeculae of the medullary cavity (Fig. 6.2-6.3). This contrast with the 
more extensive endosteal and periosteal activity found in bones of C. h. natalensis 
(Fig. 6.5-6.6), which is probably related to ontogenetic differences, although both 
sample specimens were from somatically mature individuals. 
Labeling studies in small mammals are scarce, and have shown that during 
early ontogeny, periosteal bone growth is predominant, mostly because the 
extensive endosteal resorption occurring during medullary cavity expansion at 
these stages (Castanet et al., 2004). In captive grey mouse lemurs Microcebus 
murinus, endosteal bone formation in the tibia appears at one month old (Castanet 
et al., 2004). In rodents, bone labeling studies are also limited, but Erben (1996) 
described that trabecular bone from the proximal tibia of aged rats (>6 months 
old) is mostly composed of bone remodeling at endocortical bone surfaces. The age 
of the H. glaber specimens was unknown, but the fact that most of them showed 
only endosteal and trabecular bone formation suggests that they were already 
mature specimens. Indeed, Figure 6.2 shows that the body size of the injected 
specimens was at an intermediate degree of somatic development. Regarding 
whether such bone labels represent modeling or remodeling processes in H. glaber, 
as suggested by Erben (1996) for similar processes in rats, is still unknown and 
deserves additional assessment in naked mole-rats. However, some intracortical 
sites in the specimen #510 clearly shows bone remodeling, which is demonstrated 
by lamellar bone being deposited in one side of a resorption cavity (e.g. Fig. 6.3C).  
In C. h. natalensis, the individual #520 showed the clearest and most 
complete labels, almost surrounding the complete cross-section (Fig. 6.6G). The 
individual #521 showed discontinuous endosteal bone formation of only Cn, and no 
Ar label (Fig. 6.6H). These differences may be related to sexual dimorphism. 
Sontag (1986a) described that females of old rats (>6 months old) showed mainly 
resorbing endocortical surfaces. It is likely, that the females undergo more 
catabolic process in late ontogeny as compared to males, and those differences can 
explain the different growth dynamics observed. This indicates that sex can have a 
considerable effect on bone modeling in C. h. natalensis, and probably also in other 
AMs.  
 
6.4.2 Comparative Bone Microstructure and Bone Modeling 
The general pattern of bone modeling observed in all bathyergid genera, including 
ontogenetic series of Heterocephalus glaber, Heliophobius argenteocinereus, F. 
mechowii and Cryptomys hottentotus natalensis appeared to be highly similar 
among the species, thus suggesting that the mechanism of bone osteogenesis is 
shared among them. However, H. glaber tended to show the most differences. This 
resembles the quantitative analyses performed in chapters 4-5, where H. glaber was 
the most different species in terms of external morphology and bone growth rates. 
The following discussion focusses on the forelimb elements, since these have direct 




Humerus. The humerus generally had the largest cross-sectional area 
among all bones in all species. It has a triangular shape which is defined in juvenile 
stages and it is composed of a disorganized arrangement of different bone tissues, 
including woven bone (WB), compact coarse cancellous bone (CCCB), parallel-
fibered bone (PFB) and lamellar bone (LB). The triangular microanatomy is the 
result of the projection of the deltoid tubercle, which is already developed in all 
newborns studied here. The humerus showed the highest level of cortical drift 
among all bones, as well as increased intracortical and endosteal resorption, and 
frequent presence of trabeculae throughout ontogeny as compared to other long 
bones. In H. glaber, the cortical drift is less pronounced although they still showed 
higher intracortical resorption (anterior region) in comparison to other bones (Fig. 
6.10C). These features were also reported for the solitary scratch-digger Bathyergus 
suillus (Montoya-Sanhueza & Chinsamy, 2017; Montoya-Sanhueza et al., 2019). 
These authors suggested that the high cortical drift observed in the humerus is the 
result of the relocation of the deltoid tubercle during bone growth, and most 
importantly due to the torsion that the humerus experiences (note that the term 
deltoid ‘’crest’’ was used instead of “tubercle’’). These data indicate that the 
simultaneous processes of humeral torsion and development of tubercles are 
associated with strong cortical drift and relocation, intracortical resorption, 
mixture of different bone matrices and high bone turnover. 
Strong cortical drift is also evidenced by bone labeling in C. h. natalensis 
(Fig. 6.6). This species showed that the posterior regions of the bone are kept 
relatively intact during bone relocation (Fig. 6.6E), while the mediolateral and 
anterior regions are highly resorbed, especially the lateral side. Some individuals 
showed lamellar bone depositions (PLB) in the medial side, indicating slow growth 
rates for this area. The direction of such bone dynamics indicates that humeral 
torsion and cortical drift occurs preferentially towards the medial side of the bone, 
probably following the mechanical tension exerted by the deltoids muscles which 
acts in flexing the arm internally against the midline of the body (Hildebrand, 
1985).  
Montoya-Sanhueza & Chinsamy (2017) proposed a general pattern for the 
cortical drift observed in B. suillus, although they did not mention the orientation 
of such rotation. The present study confirms that the humerus and deltoid tubercle 
rotates towards the medial side, which is histologically seen by higher 
accumulation of slowly deposited tissues on endosteal (ELB) and periosteal (PLB) 
surfaces, with resorptive pericortical surfaces in the lateral side. Bone labeling also 
demonstrated that the cortical drift in H. glaber is highly reduced (Fig. 6.10C) in 
comparison to the pattern observed in other bathyergids (Fig. 6.6). This is most 
likely because of the lack of a deltoid tubercle in this species (see Ch. 4; Fig. 6.1) 
and therefore a reduced muscular stimulation on the bone diaphysis can be 
assumed. In humans, a functional imbalance between medial and lateral rotational 
muscles seems to be important for the degree of humeral torsion (Cowgill, 2007). 
Likewise, in the absence of muscle activity, bone eminences or superstructures like 
the deltoid tubercle, are significantly smaller or completely lost (Felsenthal & 
Zelzer, 2017). This study represents the first comprehensive histological description 





and presence of superstructures on the degree of cortical drift and bone modeling 
in the humerus. 
The ulna. The ulna typically has an ellipsoidal bone shape, which is 
established early in ontogeny, usually before other bones. This contrast with the 
allometric findings of Montoya-Sanhueza et al. (2019), where the humerus 
appeared to be the first bone to reach maturity in the scratch-digger B. suillus. This 
observation needs further quantification of bone tissue matrices and inclusion of 
known age individuals to clarify the timing of bone growth between the humerus 
and ulna. Bone modeling is mostly appositional in the anterior and posterior 
regions of the bone during ontogeny, while mediolateral aspects grew considerably 
less, mostly since the lateral side is under resorption and the medial side show 
mostly LB depositions, thus showing a slight cortical drift towards the medial side. 
The anterior side usually showed a mixture of bone tissues (including CCCB and 
PLB) and high amount of Sharpey’s fibers (SF) associated with the interosseous 
ligament that maintains the radius connected to the ulna. The dynamic histology 
analysis showed that mature individuals showed less bone formation as compared 
to the humerus. This indicates that the ulna ceased its growth before the humerus. 
In this sense, the ulna matures and ceases its growth earlier than the humerus. In 
G. capensis, the ulna was relatively subcircular in shape, which contrast with other 
social bathyergids and the solitary Bathyergus. In B. suillus, the ulna is quite 
narrow (i.e. elongated in anteroposterior cross-sectional view), which is suggested 
to decrease the surface area of the forearm for a maximized soil breakup (lose 
sand) during parasagittal scratch-digging. A more circular bone shape in G. 
capensis would be the result of its mostly chisel-tooth digging strategy, which 
would not require ulnar specializations to maximize scratch-digging ability. 
 
6.4.3 Limb Bone Growth in Subterranean and Fossorial Mammals: a Review 
Comparison with other subterranean and fossorial taxa are limited due to the 
scarcity of such studies. Only a few recent studies have analyzed the ontogenetic 
bone histology of highly fossorial mammals: the largest subterranean and scratch-
digging mammal, Bathyergus suillus (n = 42, Montoya-Sanhueza & Chinsamy, 
2017), the large aardvark, Orycteropus afer (n = 4, Legendre & Botha-Brink, 2018) 
and the nine-banded armadillo Daypus novemcinctus (n = 6, Heck et al., 2019). 
These studies have shown that such fossorial taxa have thick cortical walls in their 
long bones, which indicates a strong functional relationship associated with the 
digging activity. However, some differences exist between bathyergids and other 
fossorial species.  
The diaphysis of long bones in bathyergids, including the largest 
bathyergid, B. suillus (Montoya-Sanhueza & Chinsamy, 2017) is comprised of a 
mixture of both periosteal and endosteal bone tissues (Fig. 6.8-6.10). However, 
Legendre & Botha-Brink (2018) mention that most of the cortical limb bones of the 
aardvark are comprised of compacted coarse cancellous bone (CCCB), which has 
an endosteal origin. In this species, the periosteal bone is highly resorbed in all 
long bones and is reduced to a thin outer layer and suggesting a pattern of strong 
cortical drift and a different pattern of bone modeling from that observed in 




the cortex of the long bones of the smallest (youngest) individual is composed of 
CCCB and WB, while the cortex of the largest specimens is primarily CCCB with 
thickened endosteal bone and thin outer cortices of PLB and PFB. Thus, most 
cortical thickening in these large fossorial species are the result of endosteally 
formed bone tissues. 
This pattern contrasts with that of most large mammals, in which cortical 
bone at the midshaft is mostly of periosteal origin, while CCCB is usually resorbed 
during ontogeny due to considerable medullary cavity expansion (Montoya-
Sanhueza & Chinsamy, 2017; Legendre & Botha-Brink, 2018). As suggested by 
Legendre & Botha-Brink (2018), it is likely that the presence of higher amounts of 
CCCB is related to the influence of body size in fossorial mammals. In terms of 
development, this tissue is normally formed in all mammals during endochondral 
ossification and bone compaction, and its presence in the midshaft of long bones is 
the result of reduced endosteal bone resorption during ontogeny (Montoya-
Sanhueza & Chinsamy, 2017). Recently, Garrone et al. (2019) described variable 
amounts of CCCB in long bones of adults of the saltatorial rodent, the plains 
vizcacha, Lagostomus maximus (Chinchillidae), which is a medium size scratch-
digging mammal that inhabits communal burrows. The rock hyrax, Procavia 
capensis (Hyracoidea: Paenungulata), a specialized climber also maintains CCCB in 
the cortex of adults, although to a lower proportion as compared to B. suillus 
(Montoya-Sanhueza et al., 2016). Semiaquatic rodents have also shown the 
development of these tissues (Enlow 1962; Geiger et al. 2013). These findings 
indicate that limited endosteal resorption in adult mammals is not exclusive to 
subterranean or fossorial species, and that inhibition of endosteal resorption can 
be related to different factors mediated by bone modeling. These findings suggest 
that the proportion of CCCB in the midshaft regions of mammals and other 
vertebrates is rather dependent on two main factors: (i) the amount of endosteal 
resorption during early and middle stages of ontogeny, and (ii) the degree of 
cortical drift, which can erode some sides of the bone wall more than others 
(Montoya-Sanhueza & Chinsamy, 2017). Further research is needed to assess the 
variations in amount of CCCB in long bones, as well as its biomechanical 
implications in bone strength. 
 
6.4.4 Zonal Bone in Mammals: Implications for Bathyergids 
The finding of stratified cortical bone (zonal bone) and growth marks in all African 
mole-rats, and almost all their bones has several implications that will improve our 
understanding of the relationship between bone growth and metabolism in 
mammals. Zonal bone and the appearance of growth marks in vertebrates reflects 
the growth history of the bone (Klevezal & Kleinenberg 1967; Reid, 1981; Castanet et 
al., Klevezal, 1996; 1993; Chinsamy-Turan 2005, 2012; Castanet, 2006), although its 
causes were not completely understood until recently (Castanet et al., 1993, 2004). 
Zonal bone was typically associated with ectothermic animals, as a reflection of 
their lowered capacity to sustain high metabolic rates, thus reflecting periodic 
interruptions of bone growth related to seasonal conditions and environmental 
stresses (Enlow, 1966, 1969). This view accounted for a direct effect of 





contrary, mammals (and birds), considered to be organisms that “generate 
constant’’ rates of metabolism and high growth rates were generally assumed to 
show continuous bone depositions without presence of growth marks (Chinsamy-
Turan 2005, 2012). However, several extant and extinct mammals have zonal bone 
and/or growth marks (e.g. Klevezal & Kleinenberg 1967; Castanet et al., 1993, 2004; 
Klevezal, 1996; Chinsamy-Turan, 2005, 2012; Castanet, 2006; Chinsamy & Hurum, 
2006; Köhler & Moya-Sola, 2009; Montoya-Sanhueza, 2010; García-Martínez et al., 
2011; Köhler et al., 2012; Straehl et al., 2013; Kolb et al., 2015; Montoya-Sanhueza & 
Chinsamy, 2017), thus complicating our understanding of the origin of these 
histological features and its periodicity. In recent years, alternative explanations 
have been proposed, specifically linking the physiology of the species with the 
periodicity of bone deposition, mainly focusing on seasonal fluctuations of their 
metabolic rates, thermoregulatory strategy, hormonal activity and photoperiod 
(e.g. Castanet et al., 2004; Castanet, 2006; Köhler et al., 2012). These findings 
support previous suggestions that growth marks and bone stratification were 
basically related to endogenous rhythms, and that they are mainly synchronized 
and/or reinforced by environmental cycles (seasonality) (Castanet et al., 1993). In a 
pioneering study, Castanet et al. (2004) performed one of the first studies to test 
the reliability of using lines of arrested growth (LAGs) for age determination in a 
small primate, the mouse lemur (Microcebus murinus). Using known aged 
individuals and bone labeling techniques, they showed that LAGs were highly 
correlated with the seasonal cycle of photoperiodicity, rather than to ontogenetic 
age. However, one of the seminal contributions in this area is by Köhler et al. 
(2012), who associated the patterns of seasonal bone growth of a wide range of 
large ruminant species with their metabolic and energetic characteristics. These 
authors comprehensively studied wild ruminants from tropical to polar 
environments, showing that cyclical growth is a universal trait of homoeothermic 
endotherms, and that bone growth is arrested during the unfavorable season 
concurrently with decreases in body temperature, metabolic rate and bone-
growth-mediating plasma insulin-like growth factor-1 levels (Köhler et al., 2012). 
These studies demonstrate the close relationship between postnatal bone 
morphogenesis and physiological rhythms and environment. This approach also 
highlights the evolutionary significance of eutherian mammals to associate 
maximum rates of bone accrual with high, sustained metabolic rates during the 
favorable season (Köhler et al., 2012), which contrasts with the previous --implicit-- 
hypothesis that bone growth in mammals was always “relatively constant’’ and that 
environmental stresses had a negative effect on those growth rates thus 
diminishing or ceasing bone formation.  
However, it is necessary to understand that despite the traditional 
classification of vertebrates as being either endothermic or ectothermic (McNab, 
2000), there is a growing body of literature reporting temporal variability of such 
strategies within populations (Moshkin et al., 2007; Angilletta et al., 2010; Boyles et 
al., 2011; Kohler et al., 2012; and references therein). For example, it is known that 
individuals undergo seasonal fluctuations during the unfavorable (usually dry) 
season and use complex energy-conserving strategies including cyclical variation in 
body core temperature, resting metabolic rate, and associated changes in 




deviations from a high and constant body temperatures, which has been loosely 
termed heterothermy (Boyles et al., 2011). This results from the hypothesized high 
energetic and ecological costs of maintaining strict homeothermy (Angilletta et al., 
2010; Boyles et al., 2011), so multiple external factors are known to affect these 
thermoregulatory patterns in endotherms, including food availability and ambient 
temperature (Boyles et al., 2011). In this sense, environmental stresses may not 
affect directly skeletal growth but thermoregulatory conditions in endotherms, 
which consequently affects bone modeling. Using similar analogy, Chinsamy 
(1990) much earlier suggested that some theropod dinosaurs may have had the 
ability to lower their metabolism sufficiently (i.e. heterothermy) to produce annuli 
in their compacta, which would indicate endothermic strategies like hibernation 
and aestivation found in modern mammals and birds. However, this hypothesis 
was still considering the effects of environmental stresses as the main driver 
responsible for the formation of growth marks (Chinsamy, 1990). Further research 
on extant vertebrates is needed to understand how different metabolic and 
energetic strategies are related to osteogenesis during ontogeny. 
In the case of bathyergids, it is known that they have low body 
temperatures and metabolic rates (Buffenstein & Yahav, 1991; Bennett et al., 2009; 
Šumbera, 2019), as well as slow somatic growth rates (Bennett et al., 1991) in 
comparison to surface-dwelling mammals of similar body size. Bathyergids do not 
undergo hibernation, although they can experience torpor. Energy expenditure, 
body temperature and metabolic rates are known to fluctuate between seasons in 
some species, thus indicating heterothermic capabilities (Šumbera, 2019). Field 
studies in F. damarensis have shown that variation in body temperature varies 
between seasons in much the same way as in heterothermic species, although just 
to a lesser degree (Boyles et al., 2011; Streicher et al., 2011). Additionally, it has been 
reported that H. glaber also undergoes changes in body temperature during 
reproduction (Urison & Buffenstein, 1995). Thus, zonal bone described for AMs in 
the current study could be related to intrinsic metabolic fluctuations, and 
therefore deserves a more thorough investigation. 
A remarkable feature among bathyergids is the less stratified cortices of 
naked mole-rats, although they showed growth marks regardless of sex (Fig. 6.4). 
Such less marked stratification of the cortex in all limb bones can be related to the 
unique thermoregulatory capabilities of naked mole-rats. This species is usually 
considered a poikilothermic mammal (see Šumbera, 2019), although they can also 
show more complex thermoregulatory mechanisms, including endothermic 
characteristics during huddling behavior and reproduction (Yahav & Buffenstein, 
1991; Hislop & Buffenstein, 1994; Šumbera, 2019). Despite this, the bone matrix 
composition in adult naked mole-rats appears distinct from that of other mole-
rats, having essentially lamellar and lamellated bone tissues, as well as scarce 
vascularization (Fig. 6.10). These observations clearly indicate very low 
intramembranous bone growth rates for naked mole-rats. This was also observed 
in mature specimens injected with fluorochromes, which showed scarce bone 
formation, and were usually associated with endocortical bone formation (Fig. 6.3-
6.4). This, along with slow periosteal (and endochondral) bone growth rates 
(reported in Ch. 5), suggest that somatic growth and skeletal growth is 





stable during adult stages, i.e. slow and sustained growth is present in most 
individuals.  
The recent work by Carmeli-Ligati et al. (2019, p. 6, 11) reported that the 
femoral cortex of naked mole-rats “is composed entirely of circumferential lamellar 
bone, with sparse blood supply … and that they do not contain un-remodeled calcified 
cartilaginous islands”. It seems that these authors refer to the distribution of LB 
around the entire cortex as the circumferential lamellar bone (Enlow, 1963), while 
the calcified cartilaginous islands are central zones of the cortical bone that 
resulted from the endosteal compaction or coalescence (Cadet et al., 2003) of 
trabecular (cancellous) bone at metaphyseal regions of the bone. These calcified 
regions were originally termed as cancellous compact coarse bone (CCCB) by 
Enlow (1963), and represent a common component of mammalian bone, although 
its extent varies along the diaphysis, during ontogeny and depending on the taxa 
analyzed (Enlow & Brown, 1958; Montoya-Sanhueza & Chinsamy, 2017). By using 
quantitative backscattered electron imaging, Bach-Gansmo et al. (2013) 
demonstrated that these islands (i.e. CCCB) have a significantly higher degree of 
mineralization than the surrounding bone, so these regions likely play an 
important role in rat cortical bone mechanical properties. Because of the 
composed nature of CCCB (Enlow, 1962), this tissue can show a mixture of 
different bone matrices including calcified bone, WB and LB. However, despite the 
wide ontogenetic sample that Carmeli-Ligati et al. (2019) studied, these researchers 
did not mention the presence of other bone matrices like WB, CCCB and PFB. 
Nevertheless, these tissues were clearly identified in the present study, including 
the femora, thus indicating that the histodiversity of naked mole-rat long bones is 
as high as in other bathyergids and other rodents. The presence of such tissues was 
also previously mentioned in brief descriptions of the femur and humerus of naked 
mole-rats (Chinsamy & Hurum, 2006; Montoya-Sanhueza & Chinsamy, 2016).  
Regarding previous descriptions of the bone histology in naked mole-rats, 
Chinsamy & Hurum (2006) described and an inner, richly vascularized region 
consisting of a more woven type of bone tissue, and suggested that its compacta 
was formed at a more rapid rate than that of some Mesozoic eutherian genera 
(Zalambdalestes and Barunlestes), and indeed more rapidly than those of many 
other extant small eutherians (e.g. moles, bats, marmots, squirrels), which tend to 
have rather poorly vascularized compacta (Enlow & Brown 1958). The finding of 
subperiosteal WB in the thick compacta of H. glaber is reminiscent of earlier 
ontogenetic stages and may not necessarily indicate faster growth rates in young 
naked mole-rats as compared to other small mammals. In this sense, the adult 
bone microstructure of moles, bats, marmots and squirrels appears to show slowly 
deposited bone tissues in adulthood (Enlow & Brown 1958), although their 
ontogenetic bone microstructure have not been comprehensively described, so it is 
probably that they also have a mixture of FLB, WB, and/or PFB in early postnatal 
life. Indeed, the histology of a phylogenetically wide range of adult bats shows the 
presence of WB, PFB and LB (see images in Lee & Simons, 2015). Edrey et al. (2011) 
assertively described LAGs on the lateral side (tip) of the femur (as this study also 
found), although they erroneously commented that such growth marks indicate 
fast growth patterns. LAGs indicate the cessation of appositional growth in bones 




observed in several specimens of H. glaber studied here (#511, Fig. 6.4). Chinsamy & 
Hurum (2006) reported the lack of LAGs in one specimen (femur) of H. glaber, 
suggesting that this could be because the animal was from a captive colony (so 
would not have had to endure seasonal fluctuations) and that this may also occur 
naturally in this species in the wild, since it lives in burrows and therefore 
experiences minimal ambient fluctuations. In the present study, LAGs were found 
in the limb bones of captive naked mole-rats. Thus, the absence of growth marks 
in the original study of a single femur (Chinsamy & Hurum, 2006) is most likely 
due to the reduced number of specimens analyzed by these authors. 
Furthermore, although the hypogeous niche represent a considerably 
highly stable environment in comparison to aboveground niches for subterranean 
mammals (Šumbera, 2019), these organisms still undergo seasonal 
thermoregulatory dynamics (Moshkin et al., 2007; Boyles et al., 2011). This provides 
support to the fact that the variable thermoregulatory and metabolic dynamics of 
subterranean mammals can generate growth marks in skeletal tissues as a 
reflection of their endogenous rhythms and physiology, regardless whether the 
environment is stable or not. Thus, zonal bone and growth marks in H. glaber may 
form part of the plesiomorphic thermometabolic strategy for energy conservation 
present in mammals suggested to affect bone modeling in mammals (Kohler et al., 
2012). 
 
6.4.5 Bone Remodeling in Bathyergidae: the Case of Naked Mole-Rats 
In bathyergids, bone remodeling, i.e. development of secondary osteons 
(Haversian systems), has been histologically demonstrated only for long bones of 
B. suillus (Montoya-Sanhueza & Chinsamy, 2017, 2018). Secondary osteons in this 
large and solitary species were scarce and randomly distributed in the intracortical 
regions, usually associated with WB, as well as showed high variation in size and 
shape (Montoya-Sanhueza & Chinsamy, 2017). Additionally, the number of 
secondary osteons increases slightly during ontogeny, although they do not 
develop dense Haversian tissue in any bone (Montoya-Sanhueza & Chinsamy, 
2017). Similar observations were made in this study, i.e. all the species showed 
isolated secondary osteons of variable sizes and shapes, as well as in different 
stages of osteonal formation (Fig. 6.11B), although individuals never developed 
dense Haversian tissues. Thus, bone remodeling occurs to a limited extent in 
bathyergids. 
Out of the 83 naked mole-rats analyzed in this study, 38 individuals showed 
development of secondary osteons (Fig. 6.12). In general, the humerus was the 
most common bone presenting secondary osteons (SO), followed by the femur, 
and much less frequent in the ulna and tibia. This indicates that the process of 
osteonal development in naked mole-rats is limited, but not non-existent as 
suggested by previous reports (see below), and that osteonal development 
(Haversian remodeling) was less frequent in zeugopodial bones, which are smaller 
in cross-sectional area, probably as an adaptation to reduce weakening of smaller 
bone surfaces. These structures were present in subordinate and reproductive 
individuals, regardless of their ontogenetic stage, and were evidenced by the 





osteoid. The SOs were usually rounded, although some showed irregular shapes. 
An eroded canal was observed when the SO was incompletely formed. This data 
indicates that SOs were at different stages of maturity. Secondary reconstruction of 
enlarged RCs was more irregular in shape and extended over larger surfaces of the 
bone. In general, all somatically mature specimens normally showed resorption 
cavities in their cortices, which were not infilled with bone to form secondary 
osteons.  
High levels of bone remodeling were observed in reproductive specimens, 
mostly females (Fig. 6.12), which are known to increase their metabolism during 
reproduction. Urison & Buffenstein (1995) showed that the metabolic rate of 
pregnant females of naked mole-rats was 1.4-fold higher as compared to non-
reproductive individuals, probably inducing higher bone turnover due to 
reproductive demands needed for pup development. Additionally, Pinto et al. 
(2010) reported extensive evidence of endocortical bone resorption in late 
pregnancy and during lactation, as probably indicating the beginning of bone 
remodeling in naked mole-rats. In this regard, there are hardly any studies of the 
effects of reproduction on subterranean mammals, although Montoya-Sanhueza & 
Chinsamy (2018) recently comprehensively described and quantified the effects of 
reproduction on females of B. suillus, which showed marked subendosteal 
secondary reconstruction. Additionally, experimental studies have reported how 
Sprague–Dawley rats with low-calcium diet have elevated intracortical remodeling 
and a greater number of secondary osteons during lactation (Ruth, 1953; Ross et al., 
2017). These data on laboratory and wild rodent populations show the increased 
bone turnover (and bone remodeling) generated during reproductive cycles in a 
wide range of rodent taxa. It is important to note that studies in rodents (genus 
Apodemus) have shown that neither pregnancy, nor lactation cause a cessation of 
skeletal growth, so the reproductive cycle in mammals is not expected to stimulate 














FIGURE 6.11. Remodeling activity and development of secondary osteons in femora of 
Bathyergidae. A) Heliophobius argenteocinereus (#180). B) Fukomys mechowii (#222). C) 










FIGURE 6.12. Remodeling activity and development of secondary osteons in females of 
Heterocephalus glaber. A-B) Humerus (#079). C) Femur (#079). D) Tibia (#079). E) Femur 
(#506). F) Femur (#510). Arrows indicate secondary osteons. All the specimens are queens, 
except the individual #510, which is of unknown sex. 
 
Curiously, some authors have mentioned that naked mole-rats have either 




al., 2011) or that ii) they completely lack bone remodeling (Carmeli-Ligati et al., 
2019). Based on unpublished data, Buffenstein (2008, p. 443) mentioned the 
presence of many secondary osteons. In a subsequent study, Edrey et al. (2011) 
mentioned that there is a considerable variability in osteon number and size in H. 
glaber. Regarding the large number of osteons, Carmeli-Ligati et al. (2019, p. 2) 
commented that “…they base this conclusion on the observation of a few round 
objects in transverse sections of the femoral diaphysis, but these appear to us to be 
either primary osteons or blood vessels, and thus do not indicate remodeling.” Based 
on the present contribution, those structures resemble resorption cavities (eroded 
longitudinal vascular canals), and thus they only indicate incomplete remodeling 
and not secondary osteons (Montoya-Sanhueza & Chinsamy, 2017). Previous 
histological descriptions of H. glaber did not report presence of secondary osteons 
(Botha & Chinsamy, 2004; Chinsamy & Hurum 2006; Currey et al., 2017), although 
Chinsamy & Hurum (2006) described that some enlarged erosion cavities are 
visible in the compacta and that vascular canals lack osteonal development. On the 
other hand, Carmeli-Ligati et al. (2019) reported the complete lack of osteons 
(primary and secondary) and remodeling in the cortex of a large ontogenetic 
sample of naked mole-rats (n = 61).  
 
6.4.6 Bone Remodeling, Secondary Osteons, and Haversian Bone Tissue in 
Mammals and Rodentia 
Due to constant confusions in the published literature about the bone histology of 
rodents and remodeling processes, it is necessary to clarify some misconceptions. 
Several authors have stated that rodents lack bone remodeling (e.g. Carmeli-Ligati 
et al., 2019). To address this issue, it is necessary to clarify some terminology. 
Secondary osteons (Haversian systems) are structural units of the cortical bone, 
developed by the coupled activity of osteocytes and bone lining cells (osteoblasts 
and osteoclasts) (Frost, 1963; Parfitt, 2010). This cell complex is also termed as basic 
multicellular unit (BMU), and its formation follows three main stages: activation, 
formation of erosion cavities by osteoclasts and the subsequent refilling of such 
cavities by centripetal bone apposition (Parfitt, 2010). The resulting BMU shows a 
series of features from which it can be histologically identified, i.e. delimited 
margins (cement line) and concentric lamellae around the Haversian canal (Martin 
et al., 1998; Currey, 2002). Bone remodeling represents the molecular, cellular and 
physiological process by which BMUs are formed (Frost, 1963; Parfitt, 2010; Sims & 
Martin, 2014). Secondary osteons have been described for a wide range of 
mammals and vertebrates (Foote 1916, 1911; Enlow 1956; Locke, 2004; Currey et al., 
2017) and therefore bone remodeling is present in all these taxa. The development 
of a BMU results in the formation of one secondary osteon, which can be found 
isolated, form groups or form dense Haversian patches in the bone (Jaworski, 1992; 
Hillier et al. 2007). When dense aggregations of secondary osteons form several 
generations developing and covering a defined bone surface, this is called dense 
Haversian bone tissue, and represents a specific subtype of bone tissue (Enlow, 
1963; Jaworski, 1992). Thus, SOs should not be synonymized with Haversian bone, 
which is a specific bone formed by multiple and/or successive SOs. Certainly, 





therefore by bone remodeling. However, several researchers have mistakenly 
synonymized bone remodeling with dense Haversian tissue, thus creating 
confusion when trying to understand its origin, significance and development. 
Furthermore, the bone microstructure of one of the closest relatives of 
Bathyergidae, the Cape porcupine, Hystrix africaeaustralis (Old World porcupines 
- Hystricidae) (Bennett & Faulkes, 2000; Faulkes et al., 2004), also shows secondary 
osteons (Fig. 6.13). This species is the largest African rodent, and its presence 
suggests that the development of secondary osteons (and therefore bone 




FIGURE 6.13. Secondary osteons in the humerus of the closest relative of Bathyergidae, the 
Cape porcupine Hystrix africaeaustralis. Secondary osteons can vary considerably in 
morphology and size, even within the same individual and bone region: A) irregular shape. 
B) ellipsoidal shape. Arrows indicate secondary osteons. 
 
These observations also provide additional support to the hypothesis that 
bone remodeling in small-sized mammalian lineages such as Rodentia could be 
related to calcium regulation and mineral homeostasis, as suggested by some 
authors for mammals (Currey, 2002, and references therein) and not uniquely a 
result of increased mechanical strains as suggested by other authors working 
mostly on larger mammals (Martin et al., 1998; Currey, 2002, and references 
therein).  
Apart from rodents, bats (Chiroptera) also have sparse development of 
secondary osteons and complete lack of dense Haversian bone tissue (Enlow & 
Brown, 1958). This is interesting when considering that bats, like mole-rats 
(Dammann & Burda, 2009) also have extraordinarily prolonged lifespans among 
mammals (Dammann & Burda, 2009). Because Rodentia represents nearly half of 
the current mammalian diversity, with more than 2261 species (>40%), followed by 
bat diversity representing the second largest mammalian order, with nearly 1270 
described species (>23%), they encompass more than 63% of the mammals of the 




restricted process in mammals, and occurs regardless of lifespan constrains 
(Currey et al., 2017), and that ii) dense Haversian bone is not developed in most 
mammalian species. Further research is needed to address the origin and specific 
functions of extensive bone remodeling (i.e. formation of dense Haversian bone 
tissue) among different vertebrates. 
 
6.5 CONCLUSIONS 
Bathyergids share similar bone modeling patterns, and the size and shape of their 
long bones are attained by similar growth processes. The newborns studied 
showed that these perinatal stages also have thick cortical walls, mostly composed 
by FLB and a reduced medullary cavity. In adulthood, all long bones showed thick 
cortical walls, although during juvenile stages they showed thin cortical walls. This 
indicates that the expansion of the medullary cavity is prioritized and 
synchronized with periosteal bone formation during early postnatal ontogeny, 
with subsequent deposition of endosteal bone in the medullary cavities in more 
subadult stages. Wide variation in cortical thicknesses were also observed in some 
species, indicating that the periosteal module, and probably also the endosteal 
module, may have a lesser genetic component as compared to the endochondral 
module. Previous observations in chapters 3 and 4 agree with this and suggest that 
local bone adaptation in postnatal life may be highly regulated by modifications on 
the morphogenesis of the intramembranous module. Based on the thickness of 
their cortical walls, zeugopodial bones also appeared to mature before than 
stylopodial bones, although this deserves additional assessment and quantification. 
In the forelimb, anteroposterior diameters showed presence of zonal bone 
depositions, indicating variable rates of bone formation for those regions, and are 
usually associated with a mixture of intermediate and rapidly deposited bone 
tissues, whereas mediolateral regions showed more slowly deposited bone tissues. 
In the femur, the contrary occurred. It is likely that periosteal ossifications may be 
prioritized in anteroposterior regions of the cortex to increase resistance to 
bending during digging behavior, although a direct effect of muscles acting on 
those areas is also possible. In general, all bathyergids showed low levels of bone 
remodeling, and do not ever develop Haversian bone. In the case of naked mole-
rats, formation of secondary osteons is limited, and bone remodeling is higher in 
reproductive specimens, most likely due to the high rates of bone turnover during 
reproduction. Overall, the process of bone remodeling is restricted in rodents, and 



























Skeletal Adaptations and Osteogenesis in 
Bathyergidae: A Summary 
 
 
7.1 GENERAL DISCUSSION 
In comparison to their ecophysiological and behavioral aspects, the skeletal system 
of African mole-rats has been comparatively less studied. The current PhD thesis 
has considerably contributed to our knowledge on these aspects, and the following 
discussion reviews the main findings of the four research chapter (Chapters 3-6), as 
well as includes the main implications of these findings for understanding the 
interactions between fossorial adaptations in mammals and the morphogenetic 
processes generating the phenotype of long bones in bathyergids, as well as its 
implications for other mammals.  
Chapter 3 explored the postnatal development of the highly specialized 
scratch-digger, the Cape dune mole rat, Bathyergus suillus (Bathyergidae). This is 
the largest subterranean mammal, which lives in sandy soils of the Western Cape 
of South Africa. By performing a multiscale approach of their long bone 
microanatomy and relating developmental changes of their external anatomy, limb 
function and changes in animal behavior as maturation commences, this study 
revealed how a combination of both genetic and behavioral factors related to 
scratch-digging impacted on limb maturation. Multivariate analysis showed that 
the specialized phenotype of this species underwent considerable morphological 
changes during ontogeny, e.g. juveniles showed externally more robust bones with 
thin cortical walls, whereas adults presented slender bones with significantly 
thicker cross-sections. Such changes are probably related to the increased digging 
demands and agonistic behaviors of the developing young. However, other 
anatomical features such as greater external epicondylar robustness, well-
developed olecranon, teres major and deltoid processes were already expressed 
perinatally, suggesting that genetic factors played a major role in their 
development.  
Several aspects are integrated for first time in this chapter. The morpho-
functional analysis of fossorial mammals has usually considered the calculation of 
indices based on mediolateral aspects of their diaphysis (e.g. ulnar robustness 
index - URI). However, the main axis being loaded (bending strains) during 
parasagittal scratch-digging in tetrapods is the anteroposterior axis (Montoya-
Sanhueza et al., 2019, and references therein). These aspects are reviewed and 




mediolateral robustness of the ulna (URI) did not vary throughout ontogeny in B. 
suillus (Fig. 3.3), while the anteroposterior robustness of the ulna (URI*) increased 
considerably its thickness during ontogeny (Fig. 3.2). This indicated that there was 
a stronger adaptive signal for the corrected index (URI*), most likely indicating 
local bone adaptation associated with the increased digging demands of the adults. 
Since this index was highly informative in terms of functional adaptation of the 
ulna, it represents an appropriate index to estimate bending loads, and it should be 
implemented in further research of fossorial mammals, as well as 
ecomorphological specializations of vertebrates in general. 
The inclusion of different structural dimensions on the analysis of bone 
shape (i.e. the multiscale approach), contributed considerably to understand how 
morphological changes and development are tightly related to the shifts in 
behavior during life. As the pups become more active and increased their digging 
demands, an increase in cortical thickening and bone elongation was also observed 
(Fig. 3.7). Previous studies have hypothesized that mammalian juveniles have more 
robust bones in external morphology as a trade-off to increase geometric 
robusticity and hence reduce the risk of fractures of “weaker” young bone matrix, 
as well as to increase their effective force by altering muscles’ line of action and 
thus compensating for their lower muscular development (Carrier, 1983; Young et 
al., 2010; Echeverría et al., 2014). This may explain the more robust external 
anatomy of newborns and juveniles of Bathyergus, while thicker cortical walls in 
adults will provide higher bending resistance to increased muscle loading due to 
higher digging demands (Casinos et al., 1993; Echeverría et al., 2014). Similarly, 
adults with slender bones would also contribute to increase locomotor 
performance. 
This research also represents the first time that developmental modules 
have been applied to long bones. This aspect has been widely applied to cranial 
features in a wide range of vertebrates and have showed interesting patterns of 
variation and interaction between different components of the skeletal system 
(Hall, 2015). One of the most common models to which this has been applied is the 
mammalian dentary, which is known to be historically the result of the fusion of 
several bones during mammalian evolution (Hall, 2015), and that has been 
identified as comprising several modules that behave differently through growth 
and development (Hall, 2015). This conceptualization was lacking for long bones, 
most likely because of the assumption that long bones are independent units 
without historical evidence of fusion of different bones. However, long bones are 
complex structures that show differential developmental regions, with specifically 
different ossification processes accounting for different aspects of their phenotype 
during morphogenesis. Thus, long bones reach their final phenotype (sizes and 
shape) by a modular process involving intramembranous and endochondral 
ossifications (Fig. 5.1). These two processes were identified as relatively 
independent modules in this thesis. Such processes work together to generate the 
changes in size and shape of bones, and under a histological point of view, they are 
part of the bone modeling process (Montoya-Sanhueza & Chinsamy, 2017, and 
references therein). Bone modelling represents the uncoupled cellular activity of 
bone formation and bone resorption, and which is regulated by different intrinsic 
and external factors. In this chapter, the main results obtained from the 
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comparison between bone modules was that endochondral and periosteal modules 
in B. suillus showed distinct growth rates and amount of variance: the periosteal 
module showed a higher variability and tended to grow faster than the 
endochondral module. This was further corroborated for all bathyergids in Ch. 4.   
Nevertheless, these findings are not exclusive of bathyergids. Based on 
previous studies of growth patterns in mammals, it was seen that this process of 
modularity is also present in other species, thus representing a highly relevant 
phenomenon for understanding the adaptation and evolution of skeletal systems. 
In this sense, it is known that intramembranous ossification has complex network 
of mechanosensory receptors that stimulated its local adaptation (Currey, 2002). 
The understanding of these aspects is fundamental to reveal the causes of bone 
adaptation, and represents a potential venue of research in bone biomechanics and 
analysis of bone microstructure. 
The aim of Ch. 4 was to investigate the morphological diversity and 
intraspecific variation of the phenotype of seven species of adult bathyergids: 
Bathyergus suillus, Heliophobius argenteocinereus, Georychus capensis, Cryptomys 
hottentotus, Fukomys damarensis, Fukomys mechowii and Heterocephalus glaber. 
The main goal of this chapter was to determine which anatomical features of the 
appendicular system are shared between species, and how these are related to their 
specific social behaviors, digging strategies and locomotor ability. African mole-
rats build extensive and complex burrow systems, mostly with their chisel-like 
incisors, and only Bathyergus uses their long fore-claws for soil excavation. 
However, all bathyergids use their forelimbs (and hindlimbs) as fundamental tools 
to both help during excavation and push the soil out of the burrows. Based on this 
information, it was hypothesized (Hypothesis A, Ch. 1) that the type of social 
strategy observed in bathyergids influenced the morphology of their appendicular 
skeleton, since a cooperative lifestyle would compensate for individual 
optimization of anatomical structures for burrow construction. Thus, it was 
expected that solitary taxa (Heliophobius, Georychus and Bathyergus) will show a 
more specialized (“morphologically divergent”) appendicular anatomy as 
compared to social taxa (Heterocephalus, Fukomys spp. and Cryptomys), which will 
have a more generalized or simplified limb morphology. Additionally, it was 
expected that scratch-digging species like B. suillus will show a higher degree of 
morphological specialization in their limbs as compared to chisel tooth digging 
taxa (Heterocephalus, Fukomys spp., Cryptomys, Heliophobius and Georychus), due 
to higher anatomical specialization to maximize scratch-digging behavior (i.e. soil 
breakup).  
The results showed that, in general, bathyergids shared a similar gross 
appendicular anatomy, which is composed of the typical features associated with 
increased fossorial ability, i.e. higher humeral epicondylar index (EIh), robust 
diaphysis (HRI), index of fossorial ability (IFA), presence of a distally located 
deltoid process (RDP) and fusion of tibia and fibula (Fig. 4.5-4.6). Nevertheless, 
these features were not necessarily more specialized as compared to other fossorial 
mammals. The fossorial mammals analyzed in previous studies (e.g. Samuels & 
Van Valkenburgh, 2008) showed higher mean values for traits like the humeral 
epicondylar index (EIh), index of fossorial ability (IFA) and mediolateral 




subterranean lifestyle does not always requires a maximum level of skeletal 
specialization, at least in bathyergids.  
Despite the generalized anatomy within Bathyergidae, multivariate 
comparisons and multiple ordination of the morpho-functional indices, showed 
some differences among species, mostly associated with their digging ability and 
locomotor performance (Fig. 4.9-4.10). These aspects were better visualized when 
the bathyergid species were classified into novel ecomorphological groups, to 
understand the interrelationship between phenotype and their social systems and 
digging behaviors. This classification included solitary scratch-diggers, solitary 
chisel-tooth diggers and social chisel-tooth diggers, thus comprising their major 
structural, functional and ecological aspects of their subterranean lifestyle. The 
results of this investigation showed that in general, social species appeared to have 
a phenotype more specialized to increase digging ability and locomotor 
performance, whereas solitary species showed a relatively less specialized fossorial 
phenotype, and a diminished locomotor ability. This may contribute to foraging 
strategies in social species which are known to have more complex and relatively 
longer burrow systems as compared to solitary species (Le Comber et al. 2002, 
2006). Despite clear differences between groups, the original hypothesis 
(Hypothesis A, Ch. 1) of increased limb specialization in scratch-diggers was not 
supported, and social species (except H. glaber) showed better specializations for 
scratch-digging. It was concluded that factors such as social strategy may be 
modulating the appendicular phenotype through morphogenetic modifications 
(see below).  
One set of morpho-functional indices associated with the locomotor 
performance, i.e. the crural index (CI), the brachial index (BI) and the 
intermembral index (IMI) provided important information about the appendicular 
system of bathyergids. Bathyergids showed relatively symmetrical intralimb and 
interlimb proportions as compared to other surface-dwelling mammals. The 
intermembral index (IMI) of adult bathyergids is higher (0.87) as compared to the 
generalized condition for large surface-dwelling (terrestrial) mammals, which have 
larger hindlegs than forelegs (0.75, Howell, 1965). Similarly, Lehmann (1963) found 
that the length of the hindlimbs of other subterranean mammals like Geomys, 
Ctenomys, and Tachyoryctes are more nearly equal to the length of the forelimbs 
and differs from the non-fossorial forms and Rattus, in which there is a tendency 
for the hindlimbs to be longer. This was also noted in Ch. 3 for B. suillus (Montoya-
Sanhueza et al., 2019). The fact that subterranean mammals move through narrow 
spaces, usually in long burrow systems (Sherman et al., 1991; Bennett & Faulkes, 
2000), may imply that their limb proportions (endochondal ossification module) 
undergo special selective pressures. Previous behavioral experiments in the head 
lift digger, Spalax leucodon ehrenbergi have showed important modifications in 
their locomotor pattern due to postural challenges, specifically switching its 
hindlimb function to act as forelimbs (Eilam et al., 1995). Anatomically, it has been 
hypothesized that this process is facilitated by having symmetric limb proportions 
and elongated bodies, allowing equal bidirectional locomotion of the animal 
within burrows thus emphasizing equal propulsive action of both limbs (Novacek, 
1980). For these reasons, in this study was suggested that symmetrical limb 
proportions may be related to maximize equal bidirectional locomotion within 
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burrows by maintaining equal propulsive action of the fore- and hindlimbs. Thus, 
the high IMI found in bathyergids and other fossorial mammals may not represent 
a fossorial adaptation for excavation per se, but a morphological specialization for 
bidirectional locomotion in burrows and narrow spaces (Montoya-Sanhueza et al., 
2019). The implications of such modification of the limb proportions on the 
osteogenesis of limb bones are discussed in the next section. 
Regarding the appendicular anatomy of bathyergids, the fusion of the tibia 
and fibula was previously associated with its fossorial condition (De Graaff, 1979; 
Landry, 1999; Patterson & Upham, 2014). However, only H. glaber showed an 
unfused condition of the tibia and fibula. Overall, the phenotype of H. glaber is 
rather simplified, showing some similarities with the sister groups of Bathyergidae, 
the petromurids, and Phiomorpha, the histricines. These groups show unfused 
epiphyses (and lack of a deltoid process in the humerus), so in this thesis it is 
suggested that the condition of H. glaber may most likely reflect its basal condition 
within the family (Faulkes et al., 2004; Upham & Patterson, 2015). The 
morphometric analysis of the cranial morphology of bathyergids performed by 
Gomes Rodrigues et al. (2015) showed that chisel-tooth diggers and scratch diggers 
(i.e., Bathyergus) show specialized crania and mandibles, and this sets apart 
Heterocephalus from other mole-rats. This information also supports the idea that 
naked mole-rats have a distinctive -simplified- phenotype as compared to other 
fossorial animals, and that having a highly subterranean and colonial lifestyle, may 
not require the same level of skeletal specializations for scratch-digging as other 
fossorial mammals. Overall, this indicates that the morphological adaptations 
observed in subterranean and fossorial mammals are not as homogenous as 
previously thought, but instead they constitute a wide range of morphological 
transitions that vary in terms of the ecological and biological aspects of the species, 
and sometimes they can result in a complex combination of phenotypes. The role 
of phylogeny in the evolution of fossorial traits is an aspect that must be 
considered in future research. 
In Ch. 5, two hypotheses were assessed. The first is related to the relative 
bone growth rates between fore- and hindlimbs (Hypothesis B, in Ch.1). Previous 
studies on extant mammals showing various locomotor modes, gaits, postures and 
sizes that included marsupials, lagomorphs, rodents, scandentians and primates, 
found that hindlimb elements generally grow much faster than the homologous 
forelimb elements (Carrier, 1983; Lammers & German, 2002; Schilling & Petrovitch, 
2006; Young, Fernandez & Fleagle, 2010). Since the pectoral girdle and forelimb 
bones are important for burrow construction in bathyergids (e.g. Genelly, 1965; 
Jarvis & Sale, 1971), the humerus, ulna and humerus+ulna were expected to show 
faster growth rates as compared to their serial homologues, the femur, tibia-fibula, 
femur+tibia-fibula, respectively. It was therefore expected that the forelimb 
elements would show higher slopes, thus indicating comparatively faster/earlier 
rates of maturity than hindlimb bones. This study showed that all bathyergids have 
a relatively similar skeletal growth, irrespective of social behavior or digging 
strategy, although some differences can be seen in some bones (e.g. tibia-fibula). 
Contrary to the initial hypothesis, here it was demonstrated that the femur and 




and ulna (and to the forelimb). This explains the relatively symmetrical limb 
proportions found in chapters 3 and 4.  
It is likely that forelimb growth rates represent an increased growth rate in 
relation to hindlimbs in bathyergids as an adaptation to balance the growth of this 
limb with that of the hindlimb, although a synchronized reduction in hindlimb 
growth rates is also possible. This latter can be observed in the tibia-fibula, which 
showed the lowest growth rates among bathyergids (Table 5.7). Consequently, the 
relatively symmetrical bone proportions between limbs in bathyergids may be the 
result of acceleration of the rates of bone formation on the growth plate of the 
forelimbs, and a reduction in growth plate activity of the hindlimbs. Additionally, 
it is suggested that the original ideas suggesting faster growth rates for hindlimbs, 
are most likely a reflection of the scarce assessment of other non-terrestrial 
mammals, including subterranean species. 
The second hypothesis (Hypothesis C, Ch. 1), explored the differences in 
growth rates between endochondral and intramembranous ossifications during 
ontogeny. It was expected that because of the differences in the timing of epithelial 
cell production and growth plate conservatism (predetermination), endochondral 
ossification will show a more stable pattern of bone growth, and therefore faster 
growth rates as compared to intramembranous ossification which rather will be 
more variable due to the constant de novo cell formation at periosteal surfaces. In 
this study, clear differences in the growth pattern between the periosteal and 
endochondral modules were observed, thus partially supporting the initial 
hypothesis C, since only some periosteal modules showed relatively higher growth 
rates, while endochondral modules were more similar in each bone. The most 
significant difference between endochondral and intramembranous modules was 
the higher degree of variation of the periosteal module, which appeared to be 
considerably less dependent on body size (and age) and genetic factors. These 
results highlight the relevance of considering developmental modularity of long 
bones in further assessments of bone adaptations, especially for understanding the 
differential effects of intrinsic and extrinsic factors regulating endochondral and 
periosteal (intramembranous) ossification and maturity. 
Additionally, based on the results of Ch. 4, where external bone 
morphology was found to be similar among all bathyergid species, except for H. 
glaber, it was expected that the latter would show comparatively lower growth 
rates. The results show that naked mole-rats have the most distinct growth 
patterns among bathyergids, with clear neotenic features in the development of 
their appendicular system. This suggest a consequent increment of the bone 
growth rates of all other bathyergid species during their evolution. The lower 
growth rates observed in naked mole-rats is probably related to their less 
specialized appendicular morphology (i.e. humerus and tibia), which contrasts 
with the more specialized and more morphologically complex condition of the 
humerus and tibia of the other bathyergids. This agrees with McNamara’s (1997) 
suggestion that acceleration implies fast growing of structures (peramorphosis), 
which involves more shape change and an increase in structural/morphological 
complexity, while the contrary occurs under neotenic conditions, which implies 
slow growth (paedomorphosis), which involves less shape change and decrease in 
complexity.  
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The current study has considerably improved our understanding of growth 
patterns in subterranean mammals, as well as helped to determine the 
mechanisms behind the short-legged phenotype typically attributed to this 
ecomorphological group. This study also demystified previous hypothesis 
suggesting that mammals have developmental constrains in their appendicular 
system and that most mammals show isometric or positive allometric scaling of 
their long bones (Kilbourne & Makovicky, 2012). The data obtained here suggest 
that the interplay of functional aspects such as foraging and locomotion in narrow 
spaces (burrows) may have had a stronger effect on the independent modulation 
and selection of forelimb and hindlimb proportions of subterranean mammals, 
through modifications on their growth patterns. In this regard, a recent study 
assessing the external and internal morphology of stylopodial bones of a wide 
range of rodents with different locomotor strategies showed that subterranean and 
fossorial species were the only ecomorphological group to consistently show 
increased rates of humeral and femoral morphological evolution (Hedrick et al., 
2020). This latter study supports the idea that the subterranean niche imposes 
strong selective pressures in the phenotype of mammals.  
Generalizations about a common body plan in growth rates among 
mammals must be taken cautiously since growth rates are known to vary 
considerably in bones (Currey, 2002). It is most likely that such interpretations 
result from the small sample studied, which is composed mainly of species with a 
terrestrial (surface-dwelling) lifestyle, and that terrestrial --aboveground-- 
locomotion and its associated limb bone growth patterns cannot be restricted to 
the use of simplified allometric approaches and constrained phylogenetic 
sampling. These approaches are useful for certain questions. Importantly, the 
current research has showed that although some species have similar slopes (test 
for equality of slopes), they showed different growth patterns and allometric 
trends. This indicates that simplified allometric approaches are not a good 
estimator of the developmental patterns occurring in mammals, so caution must 
be put for generalizations on limb bone growth. Allometric approaches are highly 
simplified, approximate formulas that can be applied to a wide range of 
phenomena, but they are neither a dogma nor a definitive explanation for natural 
processes (Von Bertalanffy, 1968). 
The final chapter of this thesis (Ch. 6) provides a comprehensive 
description of the patterns of bone modeling in bathyergids and includes an 
assessment of their bone dynamics using fluorochrome labeling. Until now, the 
only group where a wide ontogenetic and within-family research has been done is 
in primates (Castanet et al., 2004; McFarlin, 2006; Warshaw, 2008; McFarlin et al. 
2016). In fact, several decades ago Enlow (1969) said, “Phylogenetic as well as 
ontogenetic studies have not yet been carried out in adequate detail within restricted 
groups, and such investigations are strongly urged.” The present study on 
bathyergids provides a valuable contribution for the understanding of bone 
modeling not only in rodents, but also in mammals.  
In this chapter, four bathyergid species were studied in order to test 
different hypothesis: Heterocephalus glaber (n = 83), Heliophobius argenteocinereus 
(n = 30), F. mechowii (n = 30) and Cryptomys hottentotus natalensis (n = 10).  The 




similar bone modeling patterns, which will be evidenced by similar composition of 
bone tissue matrices (histodiversity) in the diaphyseal cortical bone. This follows 
the fact that the general long bone anatomy of most bathyergids is relatively 
similar (Fig. 4.5-4.6). Indeed, all bathyergids analyzed showed increased cortical 
bone thickening during ontogeny, as well as low rates of endosteal bone 
resorption. Cortical thickening was reached mostly by endosteal and periosteal 
bone depositions, which is similar to the findings made previously for B. suillus 
(Montoya-Sanhueza & Chinsamy, 2017). Also, all species showed high 
histodiversity including woven bone, parallel-fibered bone, lamellar bone, 
compacted coarse cancellous bone and lamellar lamellated bone. Similarly, all 
species showed limited remodeling (i.e. development of secondary osteons) and 
they do not develop Haversian bone tissues. Naked mole-rats were the exception 
to some of these features, for example showing very limited remodeling activity. 
The second hypothesis assessed in this chapter (Hypothesis E) was that the 
species with higher bone growth rates will show increased amounts of rapidly 
deposited bone tissues (i.e. WB, CCCB and perhaps PFB) bone tissues, while 
species with slow growth rates will show predominance of slowly deposited bone 
tissues (LB, LLB, and perhaps PFB). However, as observed in Ch. 5, most species 
showed similar periosteal growth rates (Table 5.10, 5.11), and their cortical walls 
were composed of similar bone tissues (see Ch. 6), although some differences in 
the amounts of bone tissues deposited were observed at intraspecific and 
interspecific level. Further quantitative analysis of such features is needed to 
identify the causes of such variations.  
The last hypothesis assessed here (Hypothesis F, Ch. 1) was associated with 
the maturity of certain bones. Given that the pectoral girdle and forelimb bones 
are important during excavation and burrow construction, it was hypothesized 
that the humerus and ulna will show faster growth rates as compared to hindlimb 
bones. This was expected to be seen by forelimb bones maturing earlier than 
hindlimb bones, and histologically this will be evident by the humerus and ulna 
showing more rapidly deposited bone tissues as compared to the femur and tibia of 
the same individual. A similar pattern is expected for zeugopodial and stylopodial 
elements, where the former will show tissues with higher bone growth rates. 
The results of the study showed that all bathyergids have zonal bone, 
which consists of the stratified deposition of different bone matrices including the 
variable presence of growth marks such as annuli and/or lines of arrested growth 
(LAG) (Reid, 1981). This zonal bone can be of two types according to the 
ontogenetic stage and bone analyzed: i) bands of PFB with LB annuli in older 
stages, and/or ii) bands of WB with thin layers of PFB in younger stages. The 
finding of a stratified cortical bone and growth marks in all African mole-rats, and 
almost all their bone cross-sections have several implications for understanding 
the relationship between osteogenesis and metabolism in mammals. The 
periodicity of bone deposition (zonal bone) in mammals has been linked to the 
physiology of the species (i.e. primates and ruminants), specifically to the seasonal 
fluctuations of their metabolic rates, thermoregulatory strategy, hormonal activity, 
bone/energy homeostatic biorhythms and photoperiod (e.g. Castanet et al., 2004; 
Castanet, 2006; Bromage et al., 2009; Köhler et al., 2012). In comparison to surface-
dwelling mammals of similar body size, bathyergids have low body temperatures 
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and metabolic rates (Buffenstein & Yahav, 1991; Yahav & Buffenstein, 1991; Zelová et 
al., 2007; Bennett et al., 2009; Šumbera, 2019), as well as slow somatic growth rates 
(Bennett et al., 1991; Ch. 5). Additionally, although they do not undergo 
hibernation, they can experience torpor (Šumbera, 2019), and some physiological 
traits such as energy expenditure, body temperature and metabolic rates are 
known to fluctuate between seasons in some species, thus indicating 
heterothermic capabilities (Sedláček, 2007a, b (in begall); Boyles et al., 2011; 
McKechnie & Mzilikazi, 2011; Streicher et al., 2011; Zelova et al., 2011; Šumbera, 
2019). Thus, the different types of zonal bone that can be seen in bathyergids may 
be related to such metabolic fluctuations, and therefore deserves further 
investigation.  
A remarkable feature among bathyergids is the apparently less stratified 
cortices of naked mole-rats, although they showed growth marks regardless of sex 
(Fig. 6.4). Such less marked stratification of the cortex in all limb bones can be 
related to the unique thermoregulatory capabilities of naked mole-rats: this species 
is usually considered a poikilothermic mammal (but see Šumbera, 2019). Despite 
this, the bone matrix composition in adult naked mole-rats appears to be distinct 
from that of other mole-rats, in having essentially lamellar and lamellated bone 
tissues, as well as scarce vascularization (Fig. 6.10). These observations clearly 
indicate very low intramembranous bone growth rates for naked mole-rats. This 
was also observed in mature specimens injected with fluorochromes, which 
additionally showed scarce bone formation, and even when this occurred it was 
usually restricted to the endocortical surfaces (Fig. 6.3-6.4). This, along with slow 
periosteal (and endochondral) bone growth rates (reported in Ch. 5), suggest that 
somatic growth and skeletal growth in H. glaber is considerably lower as compared 
to other bathyergids, but that it is also relatively stable during adult stages. 
Furthermore, although the hypogeous niche represent a highly stable 
environment in comparison to aboveground niches, subterranean organisms still 
undergo seasonal thermoregulatory dynamics (Moshkin et al., 2007; Boyles et al., 
2011) and formation of zonal bone with growth marks, thus indicating that the 
main morphogenetic processes of osteogenesis are to some extent decoupled from 
environmental stresses and fluctuations, and that periodicity of bone depositions 
are rather a reflection of their endogenous physiological rhythms. This is further 
supported by the fact that the specimens of H. glaber recovered from captive 
colonies, still develop growth marks. The scarce endosteal and intracortical bone 
resorption observed in all bathyergids, as well as their scarce remodeling activity, 
contributes considerably to preserve an excellent record of their bone 
morphogenesis. This aspect may also explain the findings of zonal bone in 
bathyergids, since most of other surface-dwelling mammals undergo extensive 
endosteal resorption and consequent medullary expansion during ontogeny. The 
osteohistological descriptions made in this study represent a unique record of the 
patterns of bone modeling in African mole-rats (Bathyergidae, Rodentia), and 





7.2 CONCLUDING REMARKS  
7.2.1 Functional Anatomy, Disparity and Ontogeny 
 The limb bones of bathyergids share a highly fossorial phenotype, which is 
relatively similar to other small fossorial mammals. Thus, morphological disparity 
among most genera (Bathyergus, Heliophobius, Georychus, Cryptomys and 
Fukomys) is low, and differences are principally quantitative. The inclusion of 
naked mole-rats in the analysis results in a clear distinction of this taxon from 
other genera, especially in terms of features of the humeral anatomy and tibial and 
fibular configuration. 
 Both chisel-tooth diggers and scratch-digger species have highly specialized limb 
bones indicating increased fossorial ability. However, naked mole-rats 
(Heterocephalus glaber) showed the lack of typical anatomical features of fossorial 
mammals such as deltoid process in the humerus and distal fusion of tibia and 
fibula, which contributed considerably to characterize its appendicular skeleton as 
having a more simplified -ambulatorial- phenotype. It is concluded that although a 
subterranean lifestyle imposes strong selective pressures on limb phenotypes, 
other factors, probably associated with social behavior and digging strategy are 
also involved in the fossorial adaptation of limb bones. 
 Ecomorphological groups (i.e. solitary scratch-diggers, solitary chisel-tooth diggers 
and social chisel-tooth diggers) successfully determined the main morphological 
features characterizing each groups: social species appeared more specialized for 
digging ability and locomotor performance, while solitary species showed a 
relatively less specialized fossorial ability and diminished locomotor capacities. 
 The levels of morphological specialization seem to be associated with the variation 
found in limb bones. The naked mole-rats showed the most simplified phenotypes 
within the family, but they showed the highest levels of skeletal variation (and 
larger morphospace) than other bathyergid species. 
 Zeugopodial elements showed higher variation in external shape as compared to 
stylopodial elements. Similar pattern was found for bone growth rates, where distal 
elements are less correlated than proximal ones. This was linked to the idea of a 
modular proximo-distal pattern, where zeugopods, by being in direct contact with 
the more variable autopodial elements, adapt following a bottom-up sequence of 
bone adaptation synchronized to the changes occurring in the autopodial modules. 
 Regarding the development of morphological specializations in the solitary 
scratch-digger Bathyergus suillus, it was shown that several morphological changes 
occur at different periods during perinatal and early postnatal life. Based on 
morpho-functional indices and bone microanatomy, the bones involved in direct 
scratch-digging behavior (e.g. humerus) undergo less morphological changes 
during ontogeny than bones not involved in such behaviors (e.g. femur). This 
indicated a certain degree of canalization of highly specialized bones like the 
humerus, and similar patterns are expected to see in other bathyergids. The fact 
that different dimensions of the bone such as functional lengths (endochondral 
modules), diaphyseal diameters (periosteal module), epicondyles (mixed module) 
and bone superstructures (endochondral module) show distinct developmental 
(heterochronic) patterns, indicated differential (intrinsic or extrinsic) regulation of 
such processes. 
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7.2.2 Adaptations to Locomotion within Burrows 
 Fore- and hindlimbs develop at similar growth rates, resulting in relatively 
symmetrical limb proportions. It is suggested that this represents an adaptation to 
the subterranean lifestyle, principally to maximize quadrupedal locomotion within 
burrows. 
 As observed in other surface-dwelling mammals with specialized saltatorial 
locomotor modes, the morphological changes observed during the ontogeny of B. 
suillus are also associated with shifts in postural behavior and locomotion during 
development. 
 It is concluded that the effects of living in a dense medium and narrow spaces have 
an important effect on locomotor behavior, which is reflected on stronger selective 
pressures for phenotypical modifications of the limb bones in bathyergids. Social 
species have a phenotype more specialized to increase digging ability and 
locomotor performance, whereas solitary species showed a relatively less 
specialized fossorial phenotype, and a diminished locomotor ability. This seems to 
be related to their foraging strategies, social organization and burrow architecture. 
 
7.2.3 Bone Modeling, Bone Microstructure and Cortical Bone Thickening 
 All bathyergids have long bones with thick cortical walls in adulthood, which 
represents a microstructural adaptation to maximize the biomechanical properties 
of the bone to resist bending and torsion during digging activities. Nevertheless, 
intraspecific and interspecific differences were observed for this feature, which was 
also observed in the generalized higher degrees of variability found in the 
periosteal (intramembranous) module.  
 All bathyergids showed scarce endosteal and intracortical bone resorption during 
ontogeny, which permitted the maintenance of bone tissues deposited earlier in 
life. Additionally, all species showed limited remodeling (i.e. development of 
secondary osteons) and they do not ever develop Haversian bone tissues. These 
characteristics indicate that despite the modeling activity during early postnatal 
development, they have very low rates of bone turnover during adulthood. 
 Changes in increased bone robustness in B. suillus (thickening of cortical bone 
walls) are most likely associated with internal factors (hormonal activity) linked 
associated to the attainment of skeletal maturity and/or sexual maturity. The fact 
that most of subordinate (non-sexually mature) specimens born in captivity (e.g. 
H. glaber and Fukomys damarensis) showed thick cortical walls, suggest that 
attainment of sexual maturity played a lesser role for cortical thickening in such 
species. It is suggested that solitary species reach skeletal and sexual maturity 
synchronically. Thus, external factors such as increased digging demands and 
agonistic behaviors during early life of the developing young in solitary species 
may also contribute to reaching peak bone mass, as occurs in other rodents and 
humans (see Montoya-Sanhueza & Chinsamy, 2017, and references therein). The 
development of bone phenotypes involves a complex interplay of both endogenous 
and external factors affecting its morphogenesis. 
 
7.2.4 Osteogenesis and Bone Modules 
 Excluding H. glaber, most bathyergids have conservative endochondral growth 
rates indicating similar growth plate activity. This may explain the symmetric limb 




 The endochondral and periosteal modules have different dynamics irrespective of 
social behavior or digging strategy in bathyergids. In general, the periosteal 
module showed relatively higher growth rates and a higher degree of variation as 
compared to the endochondral module, thus appearing to be considerably less 
dependent on body size and genetic factors. Similar observations in other 
mammals demonstrate that this represent a global pattern of bone ossification and 
may explain how modules adapt through local bone adaptation during ontogeny 
and how modules change during evolution. 
 Given the basal phylogenetic position of naked mole-rats among bathyergids, and 
the fact that they have the lowest growth rates within the family, a neotenic 
condition is suggested for this taxon, and consequently accelerated bone growth 
rates are hypothesized for the evolution of the other bathyergids. 
 
7.3 FUTURE DIRECTIONS 
The current research highlighted the interaction between social behavior of 
Bathyergidae and bone adaptations. However, further research is needed to assess 
what are the specific differences in the amount and type of digging behavior 
performed by different fossorial species. In the case of social species, the 
individual’s contribution within a colony and burrow activity are also needed to be 
assessed. Similarly, the development of fossorial behaviors during ontogeny at 
species-specific level, would also contribute to understand the synchronicity 
between morphological specializations and activity. 
The effects of captivity on limb development of mole-rats are not yet fully 
understood. Experimental designs at species-specific level will contribute 
substantially to understand such processes. 
Similarly, the findings of differences in the patterns of bone ossification 
highlights the relevance of considering developmental modularity of long bones in 
further assessments of bone adaptation. The inclusion of a wider range of 
subterranean and fossorial mammals is also necessary  
In a phylogenetic sense, it would be important to assess the evolution of 
certain anatomical traits associated with fossoriality in bathyergids such as 
development of superstructures in bones. The testing of different evolutionary 
patterns among subterranean and fossorial mammals can be considered. 
In general, there is still a much-needed gap in our understanding of bone 
growth and development in response to locomotor and physiological adaptations 
within specific mammalian families. It is likely that the main patterns of bone 
adaptation are highly dependent on the group analyzed, thus a better 
understanding of these processes will result from the multivariate assessment of a 
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The more you look at the summit,  
the longer it will take you to reach it. 
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